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ABSTRACT 


The line shifts for (111), (112), (113), (131) and (114) Bragg reflections have 
been investigated in the case of uranium deformed by cold-rolling. The 
Bragg maxima for different lines are found to shift towards either lower or 
higher values. It is shown from experiments on cold-rolled specimens 
subjected to etching that these peak shifts are not due to intergranular 
stresses. In view of low deformation stacking-fault probability the observed 
peak shifts are attributed to changes in d-spacing values due to change in 
lattice parameters of the cold-rolled uranium. The probability of point 
defects (lattice vacancies) aggregates introduced during cold-work, causing & 
‘ relaxation ' of the lattice, has also been discussed. 


$1. INTRODUCTION 


Ir is well known that polycrystalline metals when deformed exhibit 
pronounced density and electrical resistivity changes due to increase of 
imperfections in the crystal lattice. In addition, the deformed metals 
also show broadening and shift of Bragg reflections peaks in their x-ray 
diffraction patterns. Whereas thé line broadening in these cases is 
usually attributed to decreased particle size and presence of microscopie 
stresses, the peak shifts arise due to errors in the stacking of close-packed 
layers or due to residual lattice strains (Donachie and Norton 1961). 
This paper reports some interesting peak shift features exhibited by 
uranium which seem peculiar when compared to other metals. These 
x-ray investigations were carried out with a view to verifying certain 
features of the deformed state of uranium as shown by density and resist- 
ivity changes (to be reported). 
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j $2. EXPERIMENTAL PROCEDURE 


Well-annealed, high purity uranium (main impurities in p.p.m. by weight 
Ale128, C^ 108, Zn-22 and Ca~15) of fine grain size (30 u) Nos 
employed for these investigations. Thin polycrystalline slabs m 

deformed at room temperature by giving 70% reduction in thickness by 
cold-rolling. The line profiles were recorded for -Poth cold-rolled and 
annealed specimens, after electropolishing by a Philips geiger pe 
x-ray diffractometer using CuK, radiation. ( 111), (112), (131), (113) ent 
(114) reflections were chosen for this work, as in the case of uranium pol 
exhibit strong intensities and do not overlap with other lines. The iine 
profiles were recorded by taking fixed counts at intervals of 0-01 degree in 
«99°; the probable error in the measurements being kept as low as © 84 
The peak shifts for these reflections were determined by reso: 
composite broadened lines for «, and os components by the ai ytic 
method suggested by Anantharaman and Christian (1953). "eas shifts 
were also recorded for cold-worked specimens which were reduced 25% in 
thickness by electrolytic etching. Experiments to observe any changes 
in the peak displacement due to high temperature annealing of cold- 
worked specimens were also carried out. 


gs 
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$3. RESULTS AND DISCUSSIONS 


In the present investigations various peaks were found to exhibit either 
. positive or negative shifts (shift towards higher 0 value being taken as 
j - positive) which are plotted as a function of tan 0. It is seen that the 
plot of A(26) versus tan 0 does not yield a straight line and that, whereas 
(111) and (131) reflections shift towards lower values, (113) and (114) 
peaks shift in the other direction. No appreciable shift is observed for 
(112) reflection. Peak shifts of the same magnitude for these reflections 
were also recorded in the case of cold-worked specimens reduced 25% in 
thickness by electropolishing. Similar shifts for (114) reflections for cold- 
orked uranium have also been reported by Russian workers (Konobeevsky 
1. 1958), though no explanation as to their origin is given. 
ording to the present theories deformed metals exhibit peak shifts 
present of deformation stacking faults or locked-up macro- 
1e metal 


Deformation stacking fauits are 
se-packed layers of ‘ABC...’ 
. Such faults are formed on the 
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faults giving rise to peak shifts in uranium can be ruled out as neither 
does the lattice show any close-packed * ABC . . . ° sequence, nor is there 
any probability of a partial dislocation being formed by the operation of 
normal (010) [100] slip system. These conclusions regarding stacking 
faults are supported by recent electron microscopic work (Hudson et al. 
1962) in which no evidence for stacking fault contrast was obtained. 


*0-20|- 


—0-40 


A(20) versus tan 6 relationship for (111), (112), (131), (113) and (114) reflections. 


The origin of the locked-up macrostresses, in all its modifications, is 
based on the assumption that different parts of the aggregate have differ- 
ent tensile yield stresses, e.g. that a part A yields under a lower applied 
stress than a part B. Therefore, during the deformation process, the 
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elastic strain in A will be less than in B, and after completion of deform- 1. 


ation, B will tend to contract further than A but will be prevented from | 
so doing by the restraining influence of A. Thus, when equilibrium is | 


reached, A will be in compression while B is in tension. In a worked 


polycrystalline metal the following two distributions of the parts A and B 


may be envisaged: 
(1) The grains with a free surface may have a lower yield stress than 
those which are completely surrounded by other grains (Greenough 
1952). In such a case, grains in the surface would form part 4 of 
the specimen while grains in the interior would form the par B. 
(2) Due to differences in their orientations, even the surface g*ins 
among themselves could form A and B parts. 


It is obvious that in either case the magnitude of the peak shifts would 
vary as successive layers of the worked specimen are etched away. ‘This | 
would be expected due to the variation in the rate of strain generation at 
different depths of a specimen because of the inhomogeneous nature of | 
deformation. The experimental observation that the amount of shift of | 
various x-ray reflections did not change after a 25% reduction in the thick- 
ness of the cold-rolled specimen by electropolishing strongly suggests the 
absence of such an intergranular stress system. 

We therefore, believe that peak shifts as observed in this case occur due 
to change of d-spacing values for various reflections as a result of a change 
in the lattice parameters. The lattice parameter values for well-annealed 
and cold-rolled uranium as calculated from ‘ 20° values of the «, compo- 
nent of various reflections by applying a * least square ' method are shown 
in the table. The average accuracy for d-values in these cases was of the 
order of 1 in 4000. 
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Lattice parameters for annealed and cold-rolled uranium E 


Parameters Annealed Cold-rolled 


2-8515 Å 2-8562 & 
5:8657 A 5:8676 & 
4:9605 A 4:9517 Å 
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Calculations using the lattice parameter values given in the table also 
show that volume of an unit cell of uranium increases by 1-0002 times due 
to cold-work. Smith and Wood (1941) and Owen et al. (1948) also reported 
similar observations for copper and aluminium respectively, though no 
hypothesis regarding the origin of the lattice expansion was put forward. 
The probability of increased dislocation concentration giving rise to volume 
changes in deformed metals has been discussed by Boas (1957) and Seeger 
(1957). It is shown by Seeger (1957) that though non-linear elastic forces 
in the vicinity of dislocations would cause uniform dilatation along the 
dislocation line, these are insufficient to shift the x-ray lines. An edge 
disloeation in alpha-uranium at room temperature is formed by the 
operation of (010) [100] slip system; the (110) plane constituting the 
extra half-plane. A consideration of the geometry of such a dislocation 
further shows that any dilatation as suggested by Seeger would either 
increase the c parameter or leave it unchanged rather than decrease it as 
observed here. It therefore seems that dislocations alone are not sufficient 
to explain the distortion of the uranium lattice. 

A point which would be of interest in understanding the mode of lattice 
deformation relates to the effect of high temperature annealing of the 
cold-worked specimens on peak shifts. It was observed that the peak 
shifts annealed out when the specimens were annealed in a suitable 
temperature range. For example, whereas cold-worked specimens 
annealed at 150°c for 30 mins. did not exhibit any change in the peak 
shift values, no shifts were recorded for specimens annealed at 250°c for a 
similar period. Similar annealing characteristics are reported regarding 
prismatic dislocation loops in aluminium formed due to vacancy con- 
densation during high temperature quenching (Silcox and Whelan 1960). 
In this connection it may be pointed out that a high concentration of 
point defects (of the order of 10?) is introduced during plastic deformation 
of metals. These defects are produced by the movement of dislocation 
jogs, and usually annealed out. It is, however, probable that due to 
their short-range interactions a significant fraction of these defects, 
especially lattice vacancies may condense in the form of small aggregates. 
Blin (1957) also suggested a similar probability on the basis of low angle 
x-ray scattering experiments on deformed metals. A uniform distrib- 
ution of such vacancy aggregates within the matrix would also give rise 
to a ‘relaxation ° of the lattice, as it has been shown by Eshelby (1955) 
that the elastic interaction of these defects can be related directly to the 
macroscopie quantities such as change of lattice parameters or elastic 
constants. It therefore seems that such a mechanism of relaxation due 
to defect aggregates would be a rather more appropriate mode of lattice 
deformation. 

More intimate information regarding the geometry of the vacancy 
aggregates can be obtained from the observed changes in lattice para- 
meters. For example, if these aggregates were to condense as small 
bubbles, all the lattice parameters would be affected in the same fashion. 
On the other hand, if the aggregates appeared as vacancy dises condensed 
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preferential relaxation of the lattice in 
certain directions is likely to be observed. The lattice parameter changes 
in alpha-uranium as reported here are rather consistent with the latter 
view. Extensive direct evidence regarding the presence of vacancy 
precipitation is available in the case of quenched and irradiated metals. 
In a recent electron microscopic investigation of irradiated uranium 
(Hudson et al. 1962) such precipitates are reported to have occured on 
(110) planes. On the basis of lattice parameter changes observed, 
however, we, believe that the (021) plane should be more suitable for 
these aggregates to form during cold-work. The (021) plane, though 
next closest-packed plane in the uranium lattice, is not an active slip plane, 
and as such offers greater stability to these kinds of sub-struss 
These structures would not be stable on the (010) plane, as being a norma 
slip plane; these would be swept away by moving dislocations coi 
cold-work. 

Lastly it may be pointed out that if such a mechanism were to cause 
lattice deformation and exhibit peak shifts, the magnitude of A(2¢) for 
various reflections would depend upon the concentration of such aggre- 
gates per unit volume. That is to say, it may vary with the mode of 
deformation. Some results supporting such a possibility have been 
obtained in our experiments on compression rolling and fillings of uranium. 
The annealing characteristic of peak shifts are also in complete agreement 
with the expected annealing behaviour of these sub-structures, as dis- 
cussed earlier. 


on certain close-packed planes, 


s] ACKNOWLEDGMENTS 

The authors wish to thank Dr. Brahm Prakash, Head, Metallurgy 
Division, for his keen interest during the course of these investigations. 
They also wish to thank Mr. V. S. Arunachalam for useful discussions and 
Miss R. Uma Devi for assistance in carrying out the experiments. 


REFERENCES 


ANANTHARAMAN, T. R., and Curistran, J. W., 1953, Bri 

à: | : T. R., a ;9J. W., S t. J. appl. Phys., 4, 155 

BI 1957, Dislocations and Mechanical j dew Y : 
2 john Wiley) p. 943. mical Properties of Crystals (New York: 

1951 a ee and Mechanical Properties of Orystals (New York: 

and Norton, J. T., 1961, Trans. Amer. Inst. mech. Engrs, 


iim 
$ 
d 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Magnetic Domain Walls in Thin Films of Nickel and Cobalt 


By J. Srzcox 
Cavendish Laboratory, Free School Lane, CambridgeT 


[Received 11 September 1962] 


ABSTRACT 


The method of observing magnetic domain walls in thin films of ferro- 
magnetic metals by out-of-focus transmission electron microscopy has been 
° applied to films prepared from bulk material by electropolishing. It proved 
possible to study both domain walls and imperfections simultaneously in 
both nickel and cobalt. In nickel, no obvious dependence on orientation or 
foil thickness was found, as expected for a material of such low magneto- 
crystalline anisotropy. In cobalt, the domain walls were found to lie along 
the traces of the [0001] direction, the easy axis, in the foil plane and marked 
changes in structure were noted at grain boundaries as expected for a metal 
of high magneto-crystalline anisotropy. It also proved possible to move 
the domain walls in a relatively controlled manner by the application of a 
small magnetic field. While pinning at holes during movement was observed 
in both nickel and cobalt, no marked effect was noted at dislocations. 


$1. INTRODUCTION 


| Tux coercivity of ferromagnetic metals has long been thought to be 
dependent on imperfections of the crystal structure through the action of 
| such imperfections as obstacles to domain wall motion (for review, see 
| Kittel and Galt 1956). This paper describes simultaneous studies of 
imperfections and domain walls in thin films by means of transmission 
electron microscopy. 
| Domain walls can be observed by the technique illustrated in fig. 1 
| (Hale et al. 1959, Fuller and Hale 1960 a). In essence, the technique is 
i very simple. It depends on the fact that if an electron beam straddles a 
| domain wall then the beam will be split into two beams at a very small 


l angle to each other. In fig. 1, for simplicity, we consider a 180? domain f 
4 wall with the magnetization lying in the plane of the foil. Itis now plain . 


that if, using an electron microscope, we image successively the planes A, B 
and C, i.e. go through focus (using either the objective or the intermediate 
lens), then in the planes A and C the electron beams are separated and 
superimposed respectively. ‘Thus in the region of the domain wall there 
will be a decrease or increase of the electron beam intensity and the wall 
t will show up as a dark line (low intensity) on one side of focus changing 


t Now at Department of Engineering Physics, Cornell University, Ith: 
N.Y., U.S.A. nor, E 
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) as the image passes through focus from A ag 
to C. At focus, of course, the wall should not be visible. Domain walls i 
have been shown up successfully by this technique in foils of a 
alloys (Hale et al. 1959) prepared by evaporation. The crystal dec 
of polycrystalline evaporated films is very poor, however, and es sing : 
crystal foils contain a very high dislocation density (~ 10 [cm?) (Basset 


et al. 1959). 


to a white line (high intensity 


Fig. 1 


The technique of viewing magnetic domain walls. A thin foil containing a $ 

domain wall D is shown in a plane through the normal to the foil. ] 

I The electron beam is split at the domain wall. à 
| 
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In studying the effect of imperfections on domain walls it seemed pre- 
ferable to use the method of electropolishing (Bollmann 1956, Hirsch et al. 
1956) with which the transmission electron microscopy technique has 3 
already been used with considerable success for the study of crystal : 


imperfections (for review, see e.g., Hirseh 1959). "The foils in this case are 
wedge-shaped but it was felt that for a study of the overt influence that 
erfections may exert on domain walls, this was relatively unimportant. 
suitable modifications, it proved possible to utilize the Siemens 
I for these observations and it also proved possible to move the 
a relatively controlled manner. Observations of this 
nd cobalt are reported in this paper. While this paper 
; aper by Michalak and Glenn (1961) appeared on 
large grained specimens of iron and iron alloys. 
do not overlap with that work to any great 
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e 
virtually impossible for any domain walls to survive. It is therefore 
necessary to withdraw the specimen out of this magnetic field to a lower 
field. In the present case, the specimen level was raised ~ 0-5 cm. In 
order to focus on the specimen, it now became necessary to operate the 
objective lens at reduced strength. It was found that if the microscope 
was operated at 100 kv, the required strength of the objective lens was 
the value corresponding to 40 kv operation. Accordingly the switching 
of the microscope was modified so that the objective lens operated at the 
40 kv setting, whereas the remainder of the microscope operated at the 
100 kv setting. Under these circumstances the microscope operates at 
lower magnification and resolution levels, but in the event this has not 
proved a serious handicap. The microscope had to be re-calibrated for 
these settings and this was done by using the microscope in the normal 
setting as a reference. The normal setting was checked by a standard 
procedure. 


The specimen holder used for moving the domain walls. 


e eee ee 


Pc In order to move the domain walls, an idea due to Wade (private 
communication) was utilized. This was to pass an electric current through 

a wire close to the specimen, thus producing a non-uniform field of a few 
oersteds in the plane of the foil. By varying the current the field could be 
altered and the walls could be moved. The details of the construction are 
shown in fig. 2. The specimen cap D is press-fitted into the holder E so 
| that the position of the specimen B may be adjusted at will. In order to 
f retain the specimen a long cooling ring F is used. Over the cap D, a second 
cap G is mounted (also by press-fit) which carries the wire H across a 
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E nne: At one end the wire is soldered to the cap and at the other it 


e in the cap and makes contact with the plate I. 
This in turn makes a press-contact with the plate K which is d esl to " 
lead out of the microscope. To the right of the dotted line L the letails 
are identical with those used by Lally (private communication) in ins 
design for a tilting hot stage. The wire carried a maximum current of 
10 amps and was ~ 0-007 in. thick in diameter, giving à field of up to 5 oe 
at the specimen. The device was fairly stable in operation and the drift 
was usually slight and easily corrected. 

The specimens were electropolished to produce thin films by sta : erd 
techniques (Tomlinson 1958) from Johnson Matthey and Co., Lid. 
‘specpure ' sheet ~ 0-003 in. thick. 


passes through a hol 
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$3. OBSERVATIONS ON TECHNIQUE 
3.1. Microscopy 


Figure 3 (a), (b) and (c) shows a through focus series of a specimen of 
nickel deformed a few per cent in tension after annealing. The domain 
walls are labelled D and show clearly as a white line in fig. 3 (a) and a dark 
line in fig. 3 (c) with nothing shown in fig. 3 (b), the in-focus micrograph. 

| Dislocations A and extinction contours B can clearly be seen. The width 
P of the domain wall image is governed by the thickness of the foil ¢ and the 
/ component of magnetization lying in the plane of the foil, M, through the 
following formula easily obtained from a consideration of the electron 

dynamies (see, e.g., Fuller and Hale 1960 a): 


Ege m o ere ey UI 


where 0 is the angle through which the electron beam is turned and e, 
m and v are the charge, mass and velocity respectively of the electrons. 
For 100 kv electrons, as used in these experiments, a relativistic correction 
has to be made to the velocity and mass of the electrons. Consideration 
of eqn. (1) suggests that the electron beam deviations to be expected 
1 3x10-* radians with £—2000 å, M 103 gauss, v— 0:55 c, where 
city of light (3x 101° cm/sec), e—4-8x 10-19 e,s.u. and 
The width of the domain wall in the image is dependent 
hich the objective lens is defocused but it can be seen 
el, which has a relatively low magnetization 
images ~ 6( width can 
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A through-focus series of a specimen of slightly deformed nickel. | 
dislocations A, extinction contours B and domain wall 


light da-da) padas@atndn, Gi) andadadsiiaide)varidagnification > 


—- REM 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


12 J. Silcox on wy 


int the domain walls were not visible. The reason for this is that M 
(see expression (1)) is ~ 1-5 x 10? gauss in cobalt, i.e. three times larger uan 
the nickel value. In fig. 4 the domain wall image widths, both ‘ white 
and ‘black’, are ~ 100 A. 

Fig. 4 


Dislocations A, a stacking fault O and light and dark domain walls D, lying 
along the projection of the ‘easy ° axis [0001], shown by the arrow, 
in the plane of the foil. Magnification x 23 000. 


3.2. Diffraction 
s) has been observed in both nickel 


d not possible to resolve the 
r that splittir 
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Fig. 5 


A ray diagram of the formation of the diffraction pattern C and image I of the 
specimen S by the objective lens O. 


prove unresolvable, it is possible, by looking at the appropriate images at A 
and B, to deduce whether splitting has occurred, although it is difficult 
to determine the exact diffraction focus. Examples of through diffraction 
focus images of precisely the type shown in fig. 5 for both cobalt and nickel 
are shown in fig. 6. In order to obtain these, the condenser lens had to be 
de-focused to the maximum and short exposures used. As the splitting 
was resolved, it proved possible to determine the diffraction focus with 
fairly good precision. It may be pointed out here that although the 
resolving power for microscopy had probably decreased by the change in 
operation of the lens, the increase in focal length probably improved the 
resolving power for the splitting of the direct beam. It was found that 
under these conditions, the effective camera length was roughly three 
times greater than it is in normal operation. The splitting is given by 
eqn. (1) and for these experiments was of order 1 to 2 mm (effective camera 
length ~ 350 cm). 


3.3. Diffraction Contrast Images 


The objective aperture, normally situated in the back focal plane of the 
lens, can be used to stop out one of the divided beams in a manner exactly 
analogous to the diffraction contrast method by which dislocations and 
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(a) (b) 
(a) Through-diffraction-focus series for nickel. The magnification (relative 
- to the electron diffraction plate) is x4 for the in-focus position. (b) 


Through-diffraction-focus series for cobalt. Magnification (as for fig. 
6 (a)) x3. 


other defects are observed (see also Fuller and Hale 1960 b). Unfortun- 
ately, due to the change in operation of the lens, the back focal plane was 
. no longer coincident with the objective aperture position and a precise 

Stop was difficult. Nevertheless, the error was not large and fairly good 
ts could be attained with cobalt. An example of this type of con- 
in cobalt is shown in fig. 7. Each beam was stopped by the objective 
turn, showing that different domains in each case are dark. 
jue permits the correlation of particular domains with particu- 
ne ; rtunately, during the present experiments, it 

r to be ble to get good results with nickel as the splitting 
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Domains observed by stopping out one of the beams with the objective aperture. Et. 
The position of the objective aperture in relation to the diffraction 2" 


spots fox egchamienograph SPAN ENSA AS iva Magnification x21 000. : 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


16 J. Sileox on 


Fig. 8 


Domain walls crossing grain boundaries G in nickel. Magnification x 24 000. 


them (see fig. 8). However, as shown in fig. 9, a marked change in direc- 
tion at a boundary (X in fig. 9) was observed on one occasion during the 
application of a magnetic field by the method outlined in § 2. This type 
of effect was also observed once during the course of the static (referring 


_ to the domain walls) observations and is thought to be a rare occurrence. 
It seems likely that in nickel films (with a low magneto-crystalline aniso- 


he magnetization was constrained to lie in the plane of the foil in 
to minimize the magnetostatic energy (Kittel 1946) and that the 
| structure was governed mainly by the residual magnetic field of the 
ens and other unknown factors (such as the effect of the edge of 


asionally in nickel the domain 
_ It is possible that this 
le Magnetization as a 
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P 
Domain wall pinned at X at a grain boundary G in nickel. Magnification 
x 19 000. 
| Fig. 10 
| 
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Schematic diagram of possible magnetization distribution in fig. 3. The 
arrows denote the magnetization. 
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The magnetization distribution in the cobalt thin films. Domain wais are 
shown DD’, and the magnetization M is shown projecting out of the 
plane of the specimen at an angle to the easy axis E. The domain walls 
are parallel to the projection of the easy axis in the plane of the foil. 


Fig. 12 
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structure in cobalt. Magnifi- 
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ə The disappearance also occurred in both the over-focused and the under- 
focused micrographs. Cross-tie walls (Huber et al. 1958) have also been 
observed in these nickel specimens and appear to be similar to those 
observed in iron-nickel alloys by Fuller and Hale (1960 c). 

By contrast in cobalt (with a high uniaxial magneto-crystalline aniso- 
tropy), the domain structure showed a marked dependence on crystal 
orientation and thickness. The domains always showed the strip struc- 
ture observed in fig. 4. The traces of the domain walls were close to the 
projection of the easy axis, [0001], in the plane of the foil as determined by 
selected area electron diffraction. This can be seen readily from fig. 4, 
since the stacking fault almost certainly lies in the basal plane. The 
small deviations of the domain walls from the trace of the [0001] axis that 
have been observed can presumably be attributed to perturbing effects 

^ (e.g. the residual magnetic field of the objectivelens). The splitting of the 

F diffraction spots suggested that the components of magnetization giving 
rise to the domain walls were also parallel to the trace of the [0001] axis in 

the plane of the foil and accordingly the magnetization distribution was as 


Fig. 13 Fig. 14 
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The nucleation of domains in cobalt Domain walls D crossing a region of | 
a as the foil becomes thicker. The high dislocation density A’. Mag- 23 
edge of the foil is shown as E. nification x 13 000. = 
Magnification x 7000. 
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indicated in fig. 11. Due to the magnetostatic energy arising Mom the 
free magnetic poles on the surface of the domains, the Magnetization 
vector will be pulled away from the easy axis until equilibrium values of the 
domain width and angular displacement of the magnetization vector 
from the easy axis are reached. In accord with this model, marked changes 
were observed at grain boundaries as shown in fig. 12. In the first place, 
the domain walls changed direction at the boundary since the trace of the 
[0001] axis changed direction. Secondly, the equilibrium domain width 


altered across the boundary. The region A in fig. 12 corresponds to an 


orientation in which the easy axis and thus the magnetization vector was 
closer to the normal of the foil than in region B. Thus the pole str»: gth 
on the surface of the domains was larger and, to reduce the m»: -oto- 
static energy, the domain width in region A became smaller than in :e5:on 
B. A marked effect was also noted at the edge of the foil. ze 13 
shows the nucleation of domains as the foil became thicker (away from the 
edge). In this case it is likely that the magnetostatic energy due to the 
magnetic field inside the film increased with the thickness of the foil and, 
in order to keep the magnetostatic energy low, the domain width de- 
creased as the foil became thicker. However, complicating factors such 
as free poles at the edge of the film may play a perturbing role. It is 
hoped to give a detailed and quantitative discussion of this domain struc- 
ture in a later paper. 

In both nickel and cobalt the presence of dislocations appeared not to 
affect the domain wall configuration. Thus in figs. 3 and 4 dislocations A 
are shown intersecting domain walls. In both cases the domain walls 
were not affected within the accuracy of this experiment. In the case of 
nickel, experiments on more heavily deformed samples were also carried 
out and fig. 14 shows domain walls crossing regions of high dislocation 
density A’. Again no marked effect on the domain wall was noticed. It 


thus appears that domain wall/dislocation interactions in these foils are 
relatively weak. 


4.2. Dynamic Observations 
cussed in § 2, it proved possible to move the domain walls in both 
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Fig. 15 


(a) A hole H and magnetic domain wall D in nickel. The feature O isa 
small crack in the film. Subsequently, a field was applied driving the 
domain wall in the direction of the arrow. Magnification x 14 000. 
(b) The wall was driven beyond the hole, the field removed and the 
wall is seen clearly pinned at the hole. Magnification x 14 000. 


final picture appears to be governed mainly by the holes H whereas the 
dislocations have exerted no obvious effect on the domain wall motion. 

The observations on cobalt were qualitatively similar and dislocations 
again played an insignificant role (see the sequence in fig. 17). The 
pinning due to holes was again noted but is less marked than in nickel 
(see fig. 18). It should be noted, however, that it was difficult to move 
the domain walls in cobalt due probably to the high magnetostatic energy. 
With the relatively weak fields (~ 10 oe) applied, the only examples of 
domain wall motion found were those in which domains were close to 
cracks (as in fig. 17). In these cases the presence of the edge probably 
altered the magnetostatic energy considerably. During the movement of 
domain walls, alternate domains grew at the expense of the other domains 
which presumably were unfavour with respect to the applied 
field. This is consistent wi e OAAR the netization structure 
put forward in § 4.1. > 3 


A—-—— 


£c ~ 
e - AS 


CN 

LOS R 

CC-0. In Public Doma Sida Ne Re aq ud 
"a E Toa DE 


AX 


© 1 
i ew * Digitized by Arya Samaj Foundation Chennai and eGangotri 
e Fig. 16 
LÀ 
] , 
A | 
| 
i 
EC m 
" 
a 
d 


lu 
aan) 
t A and holes H in nickel. 
is showing the movement of the 
The final configuration appeared 
holes H. Magnification 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


On Magnetic Domain Walls in Thin Films of Nickel and Cobalt — 23 


w 


(o) lp (d) Ue 
q———— | (es 1 


(a) An in-focus micrograph showing a dislocation A in cobalt. (b), (c), (d) 
Successive micrographs showing the movement of the domain wall 


past the dislocation A. Note the presence of the crack in fig. l 
and (c) at O. Magnification x22 000. 
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: $5. DISCUSSION AND CONCLUSIONS 

Dislocations and other imperfections have been shown clearly and 
simultaneously with the observation of magnetic domain walls under 
the conditions that obtain in thin foils in the electron microscope. 
Unfortunately, it appears difficult at this stage to draw quantitative 
conclusions. We first consider the domain structure and the nature of the 
walls. 

Kittel (1946) has discussed the ferromagnetic domain structure of thin 
films and came to the conclusion that below a critical thickness the 
magnetization should lie completely in the plane of the film with no domain 
walls present. For nickel, this thickness is ~ 3000 A with the magneto- 
erystalline anisotropy constant K~5x 10t ergs/em®, M ~500 gauss 
(Bozorth 1961) and o, the domain wall energy, ~ 0-3 ergs/em-? (Craik 
and Tebble 1961). The films used in these experiments are typically 
of this order of magnitude in thickness and it is likely that a number 
of them were of a lower thickness. Domain walls were observed but these 
probably arise through the influence of the free poles at the edge of the 
foil and the domain structure in the thicker portions of the specimens. In 
the case of cobalt, the critical thickness was ~ 800 & (K~5 x 109 ergs/cm?, 
M 1500 gauss (Bozorth 1957) and o~8ergs/em? (Craik and Tebble 
1961)). Experimentally, Kittel's case II, which Kittel thought may occur 
in thick cobalt crystals, was found for thicknesses (found from the pro- 
jected widths of the stacking faults) down to this value. However, 
Kittel’s calculation of the magnetostatic energy for his case IL is not valid 
for these foils since the foil thicknesses were less than the domain width, so 
this value is not very significant. In addition, no foils thinner than this 
were studied, with the exception of the small wedge-shaped region at the 
edge of the foils. Here again the magnetization is probably governed by 
the free poles at the edge of the specimen and the domain structure in the 
thicker regions. 

Before discussing the domain wall/dislocation interaction in detail it is 
pertinent to consider the nature of the domain wall itself. According to 
Néel’s (1955) calculation, the transition from Bloch type (magnetization 
lying in the plane of the wall) to Néel type (magnetization lying in the 
L2 plane of the film) as the specimen becomes thinner occurs for iron at a 
flm thickness of —100 à. In nickel, this thickness is somewhat more, 
1 although of the same order of magnitude, but in cobalt it is much less. 

Prutton's (1960) analysis of cross-tie walls (Huber et al. 1958) suggests that 
cross-tie walls may be the lowest energy domain wall configuration in the 
thickness range intermediate between Bloch and Néel walls. Cross-tie 
walls can be detected by the transmission electron microscope method 
(see Fuller and Hale 1960 o) and a few have been observed in nickel. In 
i the present experiments, the thicknesses are ~ 1500 À (detailed measure- 
2 DES ments have been made for cobalt), so that it seems likely that the walls 
were of Bloch type although no conclusive evidence of this has been found. 

Estimates of the wall thickness can be made by measuring the divergent 
and convergent images in a region close to focus (Michalak and Glenn> 
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1961). For nickel, a few rough estimates gave ~ 600 A and ae 

~1004. No attempt was made to investigate systematic varia = o 

wall image thicknesses with foil orientation or thickness. ps x is 

normally expected to have domain walls thinner by a factor o! Ye t m 

those in nickel (see Craik and Tebble 1961). The value of 600 for DS 

is surprisingly close to the value of (550 * 150) Á obtained by W ade (1962) 

from a detailed analysis of domain wall images in polycrystalline nicke! 

films ~ 200 å thick. In this latter case the governing anisotropy in the 

domain walls is likely to be due to internal stresses (the dislocation conten 

of these films is much higher than in the present case) and the agreemez:5 

may well be fortuitous. 

We will consider the domain wall/hole interaction first since markec 

deviations of the domain walls were observed at holes. A possible simy le 
model to apply would be one in which the wall curves between two pinn: 
points due to a pressure 2 ls. H acting on the wall (see Kersten 1955). 
The wall will break away from the pinning point when the resotved 
components of the tension due to the wall energy, o, overcome the re- 

tarding force, F, of the obstacle, i.e. when 2e sin 0 — F, where 22 is the 

change in direction of the wall at the obstacle. Unfortunately several 

factors prevent us from applying this simple model. One stems from the 

fact that the energy of the wall depends on the orientation of the wall with 

respect to the magnetization. Thus if the component of magnetization 
perpendicular to the wall has to undergo a change in magnitude and/or 

sign while passing through the wall, then free poles will be produced and 

the resulting magnetostatic energy will be high (Kittel and Galt 1956). 

If now we consider a 180° domain wall, we see that if the wall lies at an 
/ angle to the magnetization, the component of magnetization perpendicular 
to the wall must undergo a change, free poles are formed and the energy 
of the wall becomes high. Accordingly a curved 180° wall has a wall 
energy which is a function of position along the domain wall. It is also 
true that the magnetization near the hole will be disturbed due to the 
formation of free poles at the hole. Since the domain wall will tend to 
follow the magnetization distribution, some distortion of the equilibrium 
- position of the domain wall will occur near the hole and the angle repre- 
kaway will be uncertain. Buckling of the foil, which occurs 
ils (both nickel and cobalt), also produces free poles on the 
i turbing the magnetization still further. Finally, in cobalt, in 
ma has a component perpendicular to the foil 
wall results in a change in the overall 
has to be taken into ace 
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a For the holes in nickel and cobalt, shown in figs. 15 and 18, F ~ 7 ergs cm™ 
per em thickness of foil and ~ 250 ergs cm~ per em thickness respectively. 
The corresponding domain wall energies c, from the expression, 2e sin 9 = F 
(with 0 determined from figs. 15 and 18) are o~7 ergs cm~? (nickel) and 
o~ 10? ergs/cm-? (cobalt). These figures are sufficiently far from the 
normal expected bulk values of 0-3 ergs cm-? and 8 ergs cm~? (Craik and 
Tebble 1961) to cast doubts on the model and to emphasize the need for 
considerations such as those listed above. 

For the present it seems that the most valuable conclusion to be drawn 
is that holes can exert an appreciable pinning effect on domain walls in 
thin foils and that this effect is larger than that due to dislocations. For 
an estimate of F in the case of dislocations we turn to Vicena’s calculation 
(1955) which gives F~0-1 to 1-7 erg em for bulk nickel. Bearing in 
mind the alteration in the dislocation stress field due to the surface and the 
g values of F for holes given above, these values could well be consistent 

with the observation of no noticeable effect. It is also pointed out that 
the presence of small holes in the film may be the governing feature of 
the domain wall configuration, thus masking any dislocation interaction. 
Finally, we note that, of the common ferromagnetic metals, nickel is the 
most likely to show a marked pinning of the domain wall by dislocations. 
The interaction (Vicena 1955) is governed by AsGb times geometrical 
factors, where Às is the magnetostriction, G the shear modulus and b 
the Burgers vector, and the wall energy depends on (K.A)!/?, where A is the 
exchange constant. For a high pinning effect, we need to consider 
(As@b)/(K A)!? and, of the common ferromagnetic metals, nickel has the 
largest value of this parameter. Thus if nickel does not show pinning, 
we would expect none of the other common ferromagnetic metals to show 
such an effect. 
ACKNOWLEDGMENTS 
The author is indebted to Professor Sir Nevill Mott, F.R.S. and 
Dr. W. H. Taylor for the facilities afforded him at the Cavendish 
| Laboratory, to Dr. P. B. Hirsch for discussions and his continued interest 
and encouragement and to Dr. K. Hoselitz and Mr. R. H. Wade for 
discussions. Thanks are due to Messrs. G. K. Rickards and P. R. Ward for 
considerable assistance with the special electron microscope stage used in 
the experiments. This work was carried out while the author held a 
D.S.1.R. Research Fellowship. 


REFERENCES 


Bassert, G. A., MENTER, J. W., and PasmnEvy, D. W., 1959, Structure and 
Properties of Thin Films, Ed. Neugebauer, Newkirk and Vermilyea 
(New York : Wiley), p. 11. 

BorrMANN, W., 1956, Phys. Rev., 103, 1588. 

Bozortu, R. M., 1951, Ferromagnetism (New York : Van Nostrand). 

Craik, D. J., and TEBBLE, R. S., 1961, Rep. Progr. Phys., 24, 116. 

Forumer, H. W., and Hats, M. E., 1960a, J. appl. Phys., 91, 238; 1960b, - 
Ibid., 31, 1699 ; 1960 c, Ibid., Suppl., 3088. 


TOE uer c e 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


vun 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


28 On Magnetic Domain Walls in Thin Films of Nickel and Cobalt 


Hats, M. E., FurterR, H. W., and RunixsTEIN, H., 1959, J. appl. Phys., 30, 789. 

Hirscu, P. B., 1959, J. Inst. Met., 4, 406. 

HrnscH, P. B., Horne, R. W., and WukELAN, M. J., 1956, Phil, Mag., 1, 677. 

Huser, E. E., Smitu, D. O., and GoopExovau, J. B., 1958, J. appl. Phys., 
29, 294. 

KERSTEN, M., 1956, Z. angew. Phys., 8, 313. 

KrrrEL, C., 1946, Phys. Rev., 70, 965. 

Kiırrer, C., and Garr, J. K., 1956, Solid State Physics, Ed. Seitz and Turnbull 
(New York : Academic Press), 3, 439. 

Micwanak, J. T., and Grexs, R. C., 1961, J. appl. Phys., 31, 1261. 

NÉEL, L., 1944, Cah. Phys., 25, 21 ; 1955, C. R. Acad. Sci., Paris, 241, 533. 

Prurron, M., 1960, Phil. Mag., 5, 625. 

"TTouriNSoN, H., 1958, Phil. Mag., 3, 867. 

VIGENA, F., 1955, Czech. J. Phys., 5, 480. 

Wape, R. H., 1962, Proc. phys. Soc., Lond., 79, 1237. 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


On the Charge Flow During Plastic Deformation in Rocksalt 


By F. RvEDAT 


Laboratorium voor Kristalkunde en Studie van Vaste 
Stoffen, Rozier 6, Ghent, Belgium 


[Received 13 June 1962, and in revised form 4 October 1962] 


ABSTRACT 


In order to find out if the Gyulai-Hartly effect is really an increase of the 
ionie conductivity, produced by the plastic deformation, as has been accepted 
so far, the electrical signals associated with micro-indentations on rocksalt 
single-crystal specimens, to which either no field or a reversible electrical field 
was applied, have been studied. The technique enables many reproducible 
indentations to be made on a specimen, giving comparable signals. When 
the electric field was applied it was found that an interaction exists between 
the dislocations and the space-charge polarization, but there is no evidence of 
the production of free carriers; the negative charge transported by the dislo- 
cations, the alteration of the space-charge polarization by them, and creep. 
can account for the observations of Gyulai and Hartly. 


$1. INTRODUCTION 


Iw previous papers (Rueda and Dekeyser 1961 a, b, 1962) we described 
experiments performed in order to obtain information about the charge of 
the dislocations in ionic crystals. By observing the electrical signal 
associated with a micro-indentation on pure and doped rocksalt erystals, 
it was found that the dislocations behaved as if they were negatively 
charged and that this sign could be reversed by appropriate doping. 

The dislocations responsible for this effect are created by the indent- 
ation process; they must therefore acquire a charge during their movement. 
As a tentative interpretation, we put forward the uptake of the vacancies 
present in the zone swept by the dislocations and their subsequent boiling 
off as clusters or isolated point defects; the result is a transport of charges 
giving rise to a detectable electrical signal. 

On the other hand, it is well known that a considerable transient incre- 
ment of current in the external circuit can be observed during the deforma- 
tion of alkalihalide crystals to which an electrical field is applied. This 
Gyulai-Hartly effect has been considered so far as an increase of ionic con- 
ductivity, due to free vacancies produced by the movement and intersection 
of dislocations. An alternative explanation (Fischbach and Nowick 1958) 
might be that a large part of this increment is due to positive charges 
carried by the moving dislocations. 

The effect of the space-charge polarization has not yet been considere 
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electrical signals, obtained by producing micro-indentations in rocksalt 
single crystals; in a great number of cases an electrical field was applied. 

For the sake of clarity we first summarize the work performed by pre- 
vious authors and comment on it. Afterwards, we present evidence to 
support the opinion that the negative charge, carried by the dislocations 
moving away from the electrode used as probe, is mainly responsible for 
the observed increment of current in the external circuit, and that an 
interaction exists between these moving dislocations and the space-charge 
polarization. Both phenomena can account for most of the observations 


of Gyulai and Hartly (1928). 


l.l. The Gyulai-Hartly Type Experiments 


Gyulai and Hartly (1928) considered the deformation of a monoorys52; 
line slab of rocksalt, through which an ionic current was flowing. ^ 
grips, between which the specimens were compressed, acted as electroc.es. 
At the onset of the plastic deformation, a sudden extra deflecti 7 
observed on the string electrometer used as a measuring apparatu 
This arrival of positive charge was interpreted by the authors as a trans- 
ient increase of the ionic conductivity. 

Stepanow (1933 a, b) repeated these experiments. The sudden arrival 
of charge was confirmed, as well as the temporary increase of conductivity. 
The ratio of the peak intensity to that prior to deformation was reported 
as varying between 2 and 500. The author also stressed that the effect 
was not associated with any change in the polarization of the material, 
and that the origin of the effect was confined to the deformed zone. 

Seitz (1950, 1954) proposed that this increase in conductivity was due 
to free vacancies, created one by one at the jogs, or in great numbers at 
obstacles. 

Tyler (1952), on the other hand, suggested that the results of Gyulai and 
| : Hartly, as well as those obtained in a similar way for KCl and KBr by 
j Boros and Gyulai, might be due to electrons freed in the vicinity of slip 

A planes during plastic flow. 

E During plastic flow Fischbach and Nowick (1958) found that the ionic 
z b s rue by a factor smaller than two and that there was no 
ze a > of space charge polarization. This is a confirmation of the results 

oi Stepanow. The increase in the conductivity was attributed mainly 
“ies produced by the breaking up of aggregates by moving dislo- 


of the signal did not change sign when the polarity of 
fie | reversed, it was considered th 
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E deformation. This is attributed to the creation of point defects by inter- 
i secting slip systems, which only takes place when the deformation is 
severe. 

More recently, Camagni et al. (1960) examined the effect of temperature 
on the increase of the conductivity of KCl during deformation. They 
attributed an initial part of the effect to electrons, as suggested by Tyler, 
the additional component to the creation of vacancies. 

Kassel (1934) submitting crystals to a tensile stress with electrodes 
| parallel and perpendicular to the stress, reports a transient change of the 
| steady ionic conductivity: an increase or a decrease depending on the 
specimen. A similar conclusion is obtained by Caffyn and Goodfellow 
(1955) who compressed the crystals. 

Hovi et al. (1962) considered a step-wise deformation of KI and found a 
change of sign of the current induced by the successive stress increments. 


1.2. Experiments without Electrical Field Applied 

Stepanow was the first to observe that the deformation of rocksalt can 
give rise to an electrical current in an external circuit. 

Caffyn and Goodfellow (1955) affirm that this stress-induced potential 
is very dependent upon the state of the surface, and seems to be due to 
local stress inhomogeneities. The specimen is said to behave as a * con- 
stant intensity ' generator: a change of the input resistance of the 
electrometer gives rise to a proportional change of the output potential. 

Fischbach and Nowick (1958), using intentionally inhomogeneous 
deformations, confirmed this effect and studied it further. They ascribe 
it to the transport of positive charges by the dislocations, and consider 
that this charge results from the boiling off of positive ion vacancies at 
jogs in the edge part of the moving loops. 

Using an analogous set-up but making reproducible and controlled 
micro-indentations, Rueda and Dekeyser (1961 a) confirmed the effect, 
| but found that the dislocations behave as if they transport a negative 

| charge. By chemical etching, this discrepancy about the sign compared 

l to the findings of Fischbach and Nowick (1958) could be shown to be due 

l to uncontrolled plastic flow on the face opposite to the one that was 
i indented; the electrode on this face acted in fact as a probe in their 
o experimental set-up, and not the indenter, as was thought. It was also 
‘ shown that dislocations and vacancies interact: the sign of the electrical 
| signal could be reversed by doping the crystals strongly with Na,O, 
(Rueda and Dekeyser 1961 b, 1962); these results suggested the dis- 
placement of the existing vacancies by the moving dislocations. 


1.3. Discussion 


^ From the preceding paragraphs it follows that all authors, who studied 
the deformation of ionic crystals to which an electrical field was applied, 
found a transient change of the current flowing through the external circuit. 
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There is, however, no agreement at all about the magnitude of this effect. 
In our opinion this is due to two major reasons: (i) different specimens, 
whose initial condition was unknown, had to be used in every experiment, 
(ii) the deformation was inhomogeneous and uncontrolled. At the time 
these experiments were performed, it was in fact unknown that the surface 
condition of these crystals is important for their plastic behaviour and all 
the set-ups for producing the deformation were rather crude. à 

We feel therefore that the suggestion of Fischbach and Nowick, that a 
significant part of the observations of Gyulai and Hartly may be the 
result of unintentional inhomogeneous deformation, can be extended. to 
all the reported experiments. 

The method of inhomogeneous stressing we have used avoids hese 
pitfalls: the micro-indentation method permits many observations c: 
same specimen, and this on comparable places of the well prepaxcc sur- 
face, i.e. in the centre of large sub-grains. It results from comp: a of 
the rosettes, produced by etching of the indented crystals, thas each 
indentation gives rise to a reproducible inhomogeneous deformation. On 
the other hand, such experimental conditions are comparable to those as 
used by Gyulai and Hartly. Indeed, the degree of local deformation and 
the magnitude of the applied electrical field are the same as in the experi- 
ments of those authors. A very slow indentation is in our opinion 
comparable to a continuous loading, and the applied stress is even greater 
than that used by Gyulai and Hartly (0-7x 10? Kg cm?). We believe 
therefore that our results can be used for the interpretation of the Gyulai- 
Hartly effect. 

In order to find out whether the space charge is affected or not, we have 
performed a number of experiments on erystals to which either no field 
or a reversible electrical field was applied. The micro-indentation 
technique (Rueda and Dekeyser 1961 a, 1962) was used, the probe was 
placed alternatively on the upper or lower face of the specimen. In this 
_ way we are able to make many reproducible indentations on the same 
5 ecimen without apparent interaction. This, asa consequence, avoids the 
‘difficulty of having to compare single observations on different 


$2. EXPERIMENTAL | 
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5 W e took care to avoid specimens in which parallel slip bands indicated 

, slight bending during cleavage, because both the shape and the decay of 

l the signal are considerably influenced by their presence. Indentations 

made near such slip systems give rise to a signal only half as intense as 

that corresponding to unspoiled areas; the decay is also much faster. 

By proceeding in this way we were sure that an indentation on the upper 

electrode produced more than 1 mm from its edges or from a preceding 

$ indentation and near the centre of a sub-grain should give a reproducible 

electrical signal when detected with the upper or lower electrode as probe. 

The indenter was a Leitz ‘ Microdurimet’ with a diamond point. 

Figure 1 shows the length of the diagonal of the indentation in function of 

time during the intervals used in our experiments; after a loading time 
of 40 hours the diagonal had a length of 175 microns. 


a 


= Fig. 1 
atu) 
150 Sida 
n_a 
100 
| 50 
0 5 t(x75s) 


Length of the diagonal of the indentation as a function of time. Load used 
200 g. 


The rate of loading was the same in all the experiments described; 
| the load used was 200 g and the origin of time corresponds to the moment 
| at which the electrical signal was observable with the upper electrode as 
| probe. 
a The electrometer tube was a Philips 4066 tetrode; the probe was con- 

nected to the grid by means of a co-axial cable. This assembly had a stray 

«^ capacity of 41 pr and the input resistance was 103 ohms; for conduction 
measurements, as described later, a resistor of 10!! ohms was used. The 
output signal was recorded on an oscilloscope with a Hughes * memory 
tube'. 'Phe gain of the whole assembly was 0:56. By using milli-metrie 
paper we could measure the increments of the steady voltage with a 
precision of 1 mv in the output. This amount never exeeeds the estimate 
ofthe dispersion of the series of signals. 

The two alternative experimental set-ups are shown schematically in 
fig. 2. In the first the lower electrode is used as a probe, in the second the 
upper one. A resistor of 109 ohms is connected between the electrode not 
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acting as probe and the earth, in order to maintain it at a constant poten- 
tial. A static field can also be applied, the polarity of which can easily 
be reversed. The applied voltage was chosen so as to produce fields of 
the order of those used by Gyulai and Hartly (10? v/cm). 


Fig. 2 


Experimental set-up: (a) lower electrode as probe, (b) upper electrode as probe. 
The electrode not used as probe was connected successively to zero, 
positive or negative potential. The indentations were always produced 
on the upper electrode. 


For all samples the procedure was as follows: we first made the two 
series of indentations without applied field, using alternatively the upper 
and the lower electrode as probe, and afterwards the other series with the 
field applied. Three samples were indented, after the external field had 
been applied for several hours, and the fourth one, 10, 30, 90 and 270 min 
after the application and 10 min after its removal. 

The value of the steady current depends somewhat on the relative 
humidity of the ambient atmosphere. The voltage drop Vg on the grid 
resistance (Rg=10" ohms) was in all cases such that it did not saturate 
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When the indented electrode is used as probe (curves C and E of figs. 3, 

4 and 5) a qualitative agreement exists for the different samples, and the 

shape of the curves suggests an interaction between the dislocations and 

the space charge region, i.e. the region under the surface where an excess 

or a deficit of charge carriers of one sign exists. In curves C the electrode 

is negative; at the beginning of the indentation the curves C have a nega- 

tive part, which decreases quickly. It remains negative in the thicker 

crystal and becomes positive in the other two cases. The quick decrease 

of the negative part may be interpreted as corresponding to a chan ge of 

sign of the dislocations moving away from the probe. At the starb oney 

would be positive and later negative. This is in agreement with the 

hypothesis that a thin positive space charge layer would exist ciose io the 

electrode and a ‘normal’ distribution of vacancies in the bulk, ia whisk 

the dislocations are negative. The magnitude of the negative part i 

larger in the thicker crystals. This suggests that density or thickness, or 

both, of the space charge layer, is related to the thickness of the erystal. 

Indentations, performed after the reversal of the applied electric field, 

give rise to signals (curves E of figs. 3, 4, 5) quite different from the pre- 

ceding ones. The increment of the current, due to the indentation, is 

positive, and the signal is larger than without field applied. This also 

indicates the existence of an interaction between the dislocations and the 

components of the negative space-charge layer existing in the neighbour- 

i hood of the indented positive electrode. The change of slope immediately 

/ before the maximum suggests that dislocations pass to another part which 

ls poorer in negative charges (the normal material). 

The signals obtained when using the lower electrode as probe (curves D 

and F) do not agree qualitatively from crystal to crystal; nevertheless, 

we see that only two of these crystals give a curve which is different from 

the others. Probably this discrepancy is due to the different * electrical 

history ' of the samples before each series of indentations. An amazing 

fact is that the change of sign of the dislocation is less frequently 

observed with the lower electrode as probe. This may be due partly to 

the smaller sensitivity of the lower electrode for detecting phenomena 

clos I e top one and also to image effects. It should be noted that any 

y due to the sample would have appeared before application 
tric eld, which is 1 ot the case (curves A and B). 

be further investigated with the use of new 

as the simultaneous recording of the signals 

electrodes w en indenting under an 
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and it makes them available to the dislocations for their transport. It 
also agrees with the hypothesis that the observed signals are due to the 
displacement of existing charged defects by the moving dislocations 
(Rueda and Dekeyser 1962). 

The variation of the signal soon after the application of the field. is 
another subject to be investigated more in detail, for field emission will 
probably be implied in such measurements. 


$5. CONCLUSIONS 

From the results described we deduce that: (a) the deformation dis- 
turbs the space charge polarization, in contradiction with the conclusions 
of Stepanow and Fischbach and Nowick; (b) no increase in the ionic 
conductivity of the samples is observed. On the contrary there is à 
rather small decrease, if we consider the tail of the curves, ignoring the 
effect of creep; (c) similar signals are obtained from microindentations 
produced in a crystal submitted to an electrical field and some time after 
the removal of the field. The direct cause of the signal is then attributed 
to the transport by the dislocations of the charged defects present in 
their path. 

As our experimental conditions may be considered analogous to those 
in the experiments of Gyulai and Hartly, and of the other authors who 
performed similar work, we conclude that no free carriers, which obey the 
electric field applied, are easily created during plastic deformation and 
that the effect observed by these authors is probably due to: (a) negatively 
charged dislocations which acquire their charge by interaction with posi- 
tive vacancies present in the crystal during their movement away from 
the probe. This would explain the large signal in the first loadings; (6) 
interaction with the space charge region close to a negative electrode, 
which can be considered as responsible, together with the hardening, for 
the reduction of the signals obtained by successive loadings; (c) small 
movements of the dislocations in the later stages of the deformation 
(creep), responsible for the tail of the curves. 

This, in our view, is also confirmed in a more general way by the lack 
of reproducibility of the experiments performed by other authors, which 
suggests the strong dependence of the effect on the geometry of the defor- 
mation and not on an elementary process, such as the production of free 
vacancies or electrons. 
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ABSTRACT 


The scattering of long wavelength neutrons by polyerystalline beryllium 
oxide irradiated to integrated fission neutron doses between 2-5 x 101° and 
6-8 x 102° at temperatures of 75-100?c has been investigated. A considerable 
amount of extra scattering is introduced by irradiation and this scattering 
has a strong wavelength dependence. The extra scattering is interpreted in 
terms of scattering from defects. A model in which half the defects are 
present in the form of clusters containing a minimum of 10-20 interstitials or 
vacancies and the other half are randomly distributed, describes very closely 
the experimentally observed wavelength dependence of the scattering. 
Based on this model, calculations have been made of the total number of 
defects present in the irradiated material and it is shown that each primary 
knock-on results in about 10-20 displaced atoms. The effect on the proposed 
model of a dilatation around the defects is discussed and it is shown that 
provided a reasonable figure is chosen for the dilatation, the results are not 
significantly affected. Annealing studies show that the defects anneal in the 
temperature range 800—1400?c. 


$1. INTRODUCTION 


Many different physical measurements have been made to determine the 
effects of irradiation on solids and the results are normally interpreted in 
terms of the concentration and disposition of the point defects introduced 
by irradiation. However, in most cases it is very difficult to obtain a 
satisfactory correlation between the observed property changes and the 
defect structure. One type of experiment in which the results can be 
fairly directly related to the defect number and type is the measurement 
of long wavelength neutron scattering. It was first used by Antal et al. 
(1955) on graphite, and subsequently by Antal and Goland (1958) on 
alumina, and Mitchell and Wedepohl (1958) on silica. 

The experimental technique is based on the fact that under certain 
conditions the only significant change in the neutron total cross section 
during irradiation is due to the creation of defects in the lattice. The total 
cross section may be written : 


Ototal = Sahsorption + € coherent + Cincoherent + Ginelastic + Gdetect- 
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j Ke r for 
For materials in which capsorption aNd Gincoherent are low, and 


neutrons whose wavelength is greater than the longest wavelength n 
can be Bragg reflected (i.e. ocoherent = 0). the total cross section 1s sma 
and is sensitive to changes in cuetect- 

To eliminate effects due to the residual defect, inelastic, incoherent and 
absorption cross sections, experimental measurements are made of the 
relative transmission of neutrons through identical irradiated and un- 
irradiated specimens. The extra ‘defect cross section’ is then defined by 

Ss he (1) 

HH Jd i 
where Ju is the number of neutrons transmitted by the unirradiated 
specimen, J; is the number transmitted by the irradiated specimen, and 
wis the length of the specimen. The assumption is made that the irradiation 
causes no change in capsorption aNd Ginclastic and therefore > is due solely 
to scattering from the extra defects. This assumption is justified in § 4. 

In this paper the application of the technique to neutron irradiated 
beryllium oxide is described and the results are used to deduce information 
on the concentration of defects and on the size of the defect clusters which 
are formed in this material. 

A preliminary note on this work has been published previously (Sabine 
et al. 1961). 


$2. THEORY 

The nature and concentration of the defects are deduced from the 
magnitude of Xp and the manner in which it varies with wavelength. 
To interpret the defect cross section, Babinet’s principle of reciprocity 
is invoked, and the vacant lattice sites are replaced by atoms, the atoms 
on lattice sites by vacancies, and the interstitial atoms by atoms with 
scattering lengths equal and Opposite in sign to those replacing the 
vacancies. Under these conditions the scattering material functions as 


within the molecule gives 
defect cross section. 


Section Xp can be written : 
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$ > James (1948) for the x-ray cross section of a molecular gas. This may be 
! expressed : 3 

22741 /sin z.. NE 
IQ)-i- 2$ (222w) dedic E) 
m Pq Toq 
In eqn. (3) m is the number of defects in a cluster and 
2ml 
Lng = rats - 


where lpg is the distance between any pair of defects in the cluster. The 
sum is taken over all pairs of atoms in the ‘molecule’ with a positive sign 
for defects of the same type and a negative sign for defects of opposite 
type. 
- The best set of values for m and N can be found by fitting eqn. (2) to 
M the experimental results. 


$3. ExPERIMENTAL METHODS 


The specimens, supplied by Dr. K. D. Reeve, were made from hot 
pressed beryllium oxide in the form of cylinders 1-9 cm in diameter and 
2cm long. Their density was 95-99% of theoretical. Specimens were 
irradiated in HIFAR, a heavy water reactor of the DIDO type, to different 
integrated flux levels; the details of specimen density, irradiation position, 
temperature and dose are given in table 1. 


Table 1. Details of specimens 


Irradiation Mean nee 
Rig position fission Irradiation “A B 
mber DIDO type neutron temperature o 
Ee reactor dose specimens 
| X22 2V-3 heavy 2-8 x 1019 10-15?c 2.9]1—2-99 
water-hole 
X-38 2V-3 heavy 5:8 x 1019 70-75°c 2.95-2-99 
| water-hole 
X4 C-3 hollow 1-8 x 1020 80-100°c 2.92-2.99 
m a fuel-element : 
"| X-39 C-3 hollow 6-8 x 1020 80-100°c 2-95-2-99 . 
| fuel-element 3 
E 
| E 
| 


The doses quoted are the integrated doses over the fission neutron 
spectrum estimated from data obtained during low power operation of 
HIFAR, and supported by measurements on cobalt and nickel monitors 
incorporated in the rigs. The relative values for the two sets of samples 
$ in each irradiation position (2V -3 and C3 hollow fuel-element) are probably 
accurate to + 10%, but the absolute values and the relative values between 
the two irradiation positions are less accurate owing mainly to uncertainties 
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about the relative neutron spectra in the two positions. Owing D 
anisotropic growth during irradiation (Hickman et al. 1962), some vi 
the specimens irradiated to the highest dose (6-8 x 10?) had cracked an 

crumbled, but four specimens were in a suitable condition for the neutron 


measurements. 


Fig. 1 
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> For all comparison experiments the specimens were contained in an 
aluminium tube with a $ in. cadmium iris on the end nearest the counter. 
The half-angle of acceptance of the counter was 0-035 radian. The spectro- 
meter arm was set at an angle corresponding to the required wavelength 
and the reflected neutron intensity from the monochromator maximized 
by adjusting the mica crystal. 'The transmission through the control 


Fig. 2 


o Counter Angle=-056 rad. 
e Counter Angle =-035 rad: 


Detect Cross Section > D (em?) 


o 


Wavelength- A 


Defect cross section versus wavelength for the X-39 and X-4 specimens, with 
eürves calcule using the model discussed in the text. ‘The full curves 
are calculated for a dilatation of +20% around an interstitial and defect 
concentrations of 41-0 and 8-0 x 10°/em* and the dotted curves for a 
dilatation of zero and defect concentrations of 32:0 and 6:2 x 10?9|cm?. 
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: 5 y. : 
specimens and the irradiated specimens was counted to | % statistical z 
accuracy against a monitor counter in the beam incident on the mono- * 

2 1 B n 
chromator. After each pair of measurements the crystal was turned 4 
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away from the peak for a determination of the background. The total 
length of specimen normally used was 14 em. 

F or one set of specimens (X-4), an annealing study was made by 
repeating the measurements after annealing the samples in vacuum for 
one hour at 200°c intervals from 200 to 1400°c. 


$4. EXPERIMENTAL RESULTS 

The measured defect cross sections Yp as defined by eqn. (1) are plotted 
against neutron wavelength in fig. 2 for the two highest neutron doses. 
it can be seen that >> first decreases with wavelength and then increases 
rapidly for wavelengths beyond about 54. The behaviour of the lower 
dose specimens was the same but for reasons of clarity the results have not 
been plotted on fig. 2. The change in total cross section of the beryllium 
oxide is large, particularly at the highest dose. For instance, at 8A the 
defect cross section of the irradiated material is 0-12 cm and the total 
macroscopic cross section of the unirradiated material is 0-065 cm. 
Some measurements were made on material which had been irradiated to 
1-1-5 x 10? nyt at temperatures of 500—700?c, but owing to the small 
size of the specimens (0-75 cm diameter) it was difficult to obtain reliable 
data. However, the results indicated that the defect cross section showed: 
a strong wavelength dependence similar to that of the material irradiated 
at 75-100°c. 

The defect cross section of the specimens irradiated to 1-8 x 107° nyt 
after annealing at various temperatures to 1400?c is plotted against 
neutron wavelength in fig. 3. The low wavelength part of the extra 
scattering anneals out in the temperature range 400—800?c but the extra 
scattering at higher wavelengths does not anneal significantly until above 
1000°c. 

To confirm that the extra scattering in the irradiated samples was due 
to defects and not to changes in the inelastic scattering cross section, the 
measurements on the highest dose specimens (X-39) were repeated at 
liquid nitrogen temperatures. Ifthe extra scattering were due to a change 
in the inelastic scattering cross section then Xp should show the 735 
temperature dependence associated with this cross section (Kothari and 
Singwi 1959). However, the same values were obtained for Xp at these 
temperatures as those obtained at room temperatures. 

Calculations of the changes of absorption cross section due to transmuta- 
tion reactions in the beryllium oxide showed that this effect was much too 
low to affect the results. 

A third effect which could invalidate the interpretation is small angle 
scattering, since, in applying this type of “defect molecule’ analysis to 
the interpretation of the results, it is essential that all neutrons scattered 
into the small-angle region are collected by the counter. To show that this 
was so in these experiments, a series of measurements was made of >), 
on the X-39 specimens for various counter-acceptance angles at various 
neutron wavelengths. The results at a wavelength of 5A are shown in 
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n that there is a significant small-angle scattering 
angles of 0:03 radian and greater all small-angle 
scattering is collected by the counter. At higher wavelengths a similar 
effect is observed, but for wavelengths in the region 4-5 À the small-angle 
scattering increases markedly and if the acceptance angle of the counter 
is less than 0-05 radian then Y, shows a very marked apparent increase 


in this region. 


fig. 4; it can be see 
effect, but that for counter 


Fig. 4 


10 
*08| 
x 
06) 
T X 
[3 
«S 
a %4 
IN 
:02 


-0l :02 :03 :04 05 06 
Half angle of acceptance (radians) 


Defect cross section versus counter-acceptance angle for the X-39 specimens at 
a wavelength of 5 å. 


Since the results shown in figs. 2 and 3 were obtained with an acceptance 
angle of 0-035 radian, the initial shape of the Xp versus wavelength curves 
in these figures is attributed to a small-angle effect. Repetition of the 

eriment with a counter angle of 0-056 radian gave a curve identical to 

of fig. 2 except for the region below 54 where Èp fell steadily. In 
ex er al points for both counter-aeceptance angles, i.e. 
are shown for the X-39 specimens. 
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1962). Using this hypothesis of planar clusters, eqn. (2) was applied by 
trial and error until a good fit to the experimental curves was obtained. 
The following conditions yielded good agreement between the calculated 
and observed wavelength dependence : 


(i) All vacancies are present as clusters and the interstitials are ran- 
domly distributed. 


(ii) The clusters contain at least 20 defects. 


(iii) The spacing between the atom sites in the clusters is 1-654 (the 
normal BeO bond length). 


(iv) The dilatation around the defects is +20% for the isolated 
interstitials and zero for the vacancy clusters. (The validity of 
this assumption is discussed in $6.) 


(v) Equal numbers of beryllium and oxygen defects are formed. 


The calculated curves based on these conditions are compared with the 
observed data in fig. 2 for the two higher-dose sets of specimens. In 
table 2 the total defect concentration calculated using the above defect 
structure is given for the various neutron doses. The accuracy limits 
quoted in this table are based solely on counting statistics and reproduci- 
bility. This table also shows the number of primary collisions and the 
number of atoms displaced per primary collision of a fission neutron. 
The number of primary collisions was calculated using an arithmetic mean 
of the cross section for beryllium and oxygen over the energy range 
0-5-5 Mev (Hughes and Swartz 1958). 


Table 2. Defect concentrations for the various neutron doses 


Atoms 
displaced 
per primary 
collision 


Primary Atoms 
collisions displaced. 


Rig Fission neutron 
number dose (nvt) 


6:8 x 107° 2-4 1079 | 41x 10?0 3: 595 
1-8 x 102° 6:4x 1019. | 8-0 x 1079+ 10% 
5:8 x 1019 9:1x 1019 |4-8» 10?9 209 
2:5 x 1019 0:9 x 1019 1 x 10% +100% 


The results of the cross-section measurements on annealed specimens 
(fig. 3) are interpreted in a similar way. There is no appreciable annealing 
below 800°c (neglecting the enhanced scattering in the 4:5-5:0 À range, 
which, as already explained, is confined to small angles and anneals at 
lower temperatures) Between 800°c and 1200?c the decrease in defect 
concentration is constant with wavelength and this suggests that the 
randomly distributed defects anneal in this range. It may be seen that a 
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curve calculated assuming all the defects are present as clusters gives a j x 
reasonable fit to the experimental results for 1200?c (see fig. 3). Annealing F 

at 1400°c almost completely removes the last traces of the defects. The | 
annealing behaviour based on this hypothesis is shown in fig. 5 in which 

the concentration of isolated defects (assumed to be interstitials) and 

clustered defects (assumed to be vacancies) is plotted against annealing 


temperature. | 
Fig. 5 | 
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It is quite possible that defects of one type may exist both as clusters and 
as point defects, or that the numbers of beryllium and oxygen defects are 
not equal, or that the dilatation is different from the assumed figure. 
However, measurements of defect cross section do not permit a decision 
to be made between these hypotheses, and the defect structure used above 
seems to be the simplest plausible model to give an adequate fit to the 
experimental results. The unique value of this method of determining 
defect concentration lies in the fact that the final deduction is not 
particularly sensitive to minor differences in the defect model which is 
assumed. Calculations covering a wide range of possible cases have shown 
that, to obtain any reasonable fit to the experimental data, the defect 
concentrations must be within about + 50% of the figures quoted in table 2. 


Table 3. Comparison of defect concentration and volume expansion 
(a=atomic volume) 


Neuron Atoms Volume Volume 
d displaced expansion expansion for 
ose (%) (%) defect pair 
6:8 x 107° 2-6 +0-1 2-4 +0-1 0-85-1-0 a 
1-8 x 107 0-51 + 0:05 0:60 + 0-05 1:0 -l-4a 
5-8 x 1019 0:36 + 0-05 0-277 + 0-05 0-55-1-0 a 
2-8 x 1019 0:07 + 0:07 0-15 + 0:05 0-3 a 


A. comparison of the defect concentration with the volume expansion 
of the material is made in table 3. The volume expansion data were 
obtained from both dimensional changes and x-ray lattice parameter 
changes, the results from these two methods agreeing very closely 
(Hickman et al. 1962). The volume expansion per defect pair is of the 
order of one atomic volume which is approximately the same as observed 
in other materials. 

$6. DISCUSSION 

The extra neutron scattering observed in irradiated beryllium oxide 
has been interpreted satisfactorily in terms of scattering from defects 
and its wavelength dependence in terms of defect clusters. It has been 
shown that the effect is not due to changes in the inelastie scattering cross 
section or absorption cross section and, with the exception of the extra 
scattering observed at wavelengths of 4-54 for low counter-acceptance 
angles, it is not due to small-angle scattering effects. 

An objection which needs more detailed consideration is that of Martin 
(1960) concerning the effects of dilatation of the lattice. Martin calculated 
that, in copper and molybdenum, the interference effects due to dilatation 
would be so severe that long wavelength cross-section measurements 
could give no worth-while information on defect concentrations. The 
effect of dilatation in BeO may be calculated using eqn. (3). In the 
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beryllium oxide lattice, vacancies were put at normal lattice positions 
and interstitials at [[0, 0, 11/16]] in the unit cell and calculations were 
carried out for various values of the dilatation, e, expressed as a fraction 
of the distance from the defect to the nearest sites (i.e. 1:37 À for an 
interstitial and 1-654 for a vacancy). The defect and the surrounding 
distorted lattice were considered as a scattering ‘molecule’ in which the 
original defect was replaced by a defect of opposite sign, atoms at the 
displaced positions were replaced by atoms with a negative scattering 
length, and the original lattice positions were filled with atoms. Nearest 
and second-nearest neighbours were included with the assumption that 
the displacement is proportional to the inverse square of the distance from 
the defect. The results of these calculations for isolated defects are shown 
in fig. 6 for the average of beryllium and oxygen defects. 


Fig. 6 
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lattice site. Using the observed volume expansions quoted in table 3, 
it may be deduced, for isolated defects, where ey is the dilatation around 
an interstitial and ey the dilatation around a vacancy, that approximately, 


e + 1:8e; = 0-27. 


In allowing for dilatation the clustered defects were considered as 
vacancies with dilatation around the cluster neglected, and the point 
defects were considered as interstitials with ej—0-20. The results of these 
calculations lead to the following conclusions: 


(a) The interference effects due to dilatation cannot, alone, account 
for the observed wavelength dependence of Èp- 


(b) If values of e are assumed which are in accordance with other 
evidence, then the value of the defect concentration can be deduced 
with reasonable accuracy. (If dilatation around the interstitials 
is neglected entirely the calculated >> still fits the experimental 
results moderately well, with a value of N about 20% lower than 
that deduced with ej—0-20. These curves are shown dott:d in 
fig. 2.) 

Another objection to the theory is that a vacancy which has trapped an 
electron or a hole would have a modified scattering power due to the 
magnetic scattering from the spin of the electron. Troup and Thyer 
(1962) have observed an electron spin resonance line in irradiated beryllium 
oxide corresponding to a g-value close to the free-space g-value of an 
electron and it seems reasonable to assume that electrons are trapped in 
oxygen vacancies and holes in the beryllium vacancies. This possibility 
has been ignored in the interpretation since the electron spin resonance 
signal begins to anneal at 200°c and has vanished completely at 800°c, 
whereas the defect cross section is not appreciably decreased below 800*c. 

Neither neutron scattering data nor x-ray data have given any real 
indication whether the planar defect clusters are vacancies or interstitials. 
Vacancy clusters could be formed near the end of the path of knock-ons 
by the mechanism suggested by Seeger (1958) in which interstitials leave 
their region of formation as crowdions, leaving behind them, at the end 
of the collision path, a region of high vacancy concentration. A second 
possibility is that vacancy or interstitial clusters have formed by aggre- 
gation either of single defects with overlapping strain fields or of neutral 
defect pairs which may diffuse freely at low temperatures (Seitz 1946). 

The values obtained for the number of defects (table 2) show quite clearly 
that the defect concentration is building up at an approximately linear 
rate with dose even at the highest doses at which experiments were made, 
when the number of displacements had reached a value of about 26%. 
The value of 10-20 obtained for the number of defects per primary collision 
is in reasonable agreement with that obtained by other workers on other 
materials (Dienes and Vineyard 1957). This value may be too high as 
it takes no account of primary collisions caused by neutrons with energies 
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the threshold energy for displacement. 
Ina heavy water moderated reactor such as HIFAR the ratio of epithermal 
to fast neutron flux is quite high (Hyder and Kenwood 1958) and a 
considerable number of displacements could have been produced by 
epithermal neutrons. This may explain the significantly higher value 
for the number of displacements in the case of the X-38 specimens 
irradiated to 5-8 x 101? nvt; thereis also some indication in these specimens 
that more than half the defects are present as isolated defects. These 
specimens were irradiated in a heavy water-hole where the ratio of 
epithermal to fission neutron flux was higher than in the hollow fue! 
element positions in which the higher flux irradiations were carried out. 
This would result in a ‘softer’ type of damage with relatively more isoiatec: 
defects if the defect clusters are formed as a result of the primary knock 
collision process. 

The cause of the small-angle scattering effect, which resulted in ex 
apparent increase in scattering in the wavelength region 4-5-5:0À when 
small counter-acceptance angles were used, is not known. {t wiil be 
noted that this effect anneals out in the range 400—1000?c. As stated, this 
effect has been neglected in the interpretation of the results. 


below the fission spectrum but above 


$7. SUMMARY 


Long wavelength neutron cross-section measurements on hot-pressed 
beryllium oxide have shown that neutron irradiation introduces extra 
attenuation and it has been shown that this attenuation is caused by 
scattering from defects. The strong wavelength dependence of the extra 
‘scattering has been interpreted in terms of a model in which about half 
the defects occur as planar clusters containing a minimum of 10-20 
interstitials or vacancies and the rest of the defects are randomly 
distributed. Previous X-ray observations suggest that the clusters are 
planar in the basal planes. The total number of displaced atoms 
calculated on the basis of the above model has been shown to increase 
witl dose in an approximately linear fashion up to a concentration of 

% at the maximum dose investigated. The defect concentration 
be in: asonable agreement with the observed macroscopic 
ges. in agreement with other workers it is shown 
displacements are produced per primary 


occurs below 
anneal in the 
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| Hexagonal Networks of Linear Imperfections in 
Single Crystals of Cadmium 


By J. C. Crump III and J. W. MITCHELL 
Department of Physics, University of Virginia 


[Received 1 August 1962] 


ABSTRACT 


The formation and properties of a type of hexagonal network in thin 
crystals of cadmium are described in this paper. The networks appear 
almost immediately after the disappearance of vacancy-type loops introduced 
by bombarding the crystals with negative ions in the electron microscope. 
They lie in basal planes and the directions of the three sets of intersecting lines 
are parallel to the « 11005 (directions in these planes. Mobile specks which 
are attributed to clusters of interstitial atoms have also been observed. 


| We have observed the formation and disappearance of a type of hexagonal 
| network in thin crystals of cadmium and we believe that the results are of 
| sufficient interest to justify the presentation of a preliminary account of the 
| work. The crystals were grown by the slow distillation of cadmium in an 
| atmosphere of argon by the method of Coleman and Sears (1957) which has 
also been used by Price (1961 a, b). They were mounted either on copper 
grids or between parallel copper grids and examined in the Philips EM 100B 
i electron microscope operated at 100kv. 

The phenomena observed are to be attributed to the effects of bombard- 
ment of the crystals by negative ions (Price 1961 a, b). The purpose of this 
paper is to describe sudden changes which occur in vacancy-type loops of 
| the kind described by Price but which were apparently not observed by 
| him. ‘These transformations are seen at a relatively late stage in the expo- 
2 sure of the crystal to the electron and ion beam. We have frequently 
^ | observed the abrupt disappearance, as such, of a vacancy -type loop of the 

i 


kind shown in fig. 1(a). This may occur without any clearly defined cause 
or it may follow an interaction between the loop and a mobile dislocation or 
mobile discrete speck. The disappearance of the loop is then followed, with 

a delay varying from a fraction of a second to a few seconds, by the appear- 
ance of an array of linear imperfections. The arrangement which was 
present approximately three seconds after the disappearance of the loop 
in fig. 1 (a) is shown in fig. 1 (b). The earliest stages in the development of 
arrays of linear imperfections from a number of vacancy-type dislocation 
loops are shown in fig. 2 (a) and (b). Successive stages in the local develop- 
ment of a hexagonal network after the disappearance of a vaeancy-type 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


E — M ÓÓ— J 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


J. C. Crump III and J. W. Mitchell on | 


60 


. Digitized by Arya Samaj Foundation Chennai and eGangotri 


| * 3 - 
Hn Hexagonal Networks in Thin Crystals of Cadmium 61 
Ec 
1 
rdi 


(b) 


Simple arrangements of linear imperfections arising from the transformation of 
vacancy-type dislocation loops. x 3420. 
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Fig. 3 (continued) 
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(d) 


^ Successive electron-micrographs taken at approximately three second intervals 
showing the formation of a hexagonal network of linear imperfections 
from a transformed vacancy-type loop. x 5676. 
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dislocation loop are shown in fig. 3 (a), (b), (c) and (d). The later eee of 
the phenomenon in which a network collapses towards a centre are shown 
in fig. 4 (a) and (b). : : : ; ae 
The simple arrangements of lincar imperfections which appear im- 
mediately after the collapse of vacancy-type dislocation loops are well 
illustrated in fig. 2 (a) and (b). Lines sometimes appear either singly, in 
parallel pairs or in parallel groups. From some loops, single nodes appear 
after collapse from which three lines making angles of 120° with each other 
radiate outwards. Arrangements in which there are two adjacent nodes 
with the associated radiating lines are also observed. In other cases, smail 
hexagonal elements appear with lines radiating symmetrically outws:3s 
from all six corners. 

We have established by electron diffraction observations that the lines 
lie generally along the (1100) directions in the basal plane; these ars sie 
directions of the Burgers vectors of the Shockley partial dislocations in this 
plane. The most striking feature of the lines is that they appear to be 
sharply terminated on the basal planes within the crystals. This is a 
conclusion which one is reluctant to accept. Some of the loops are formed 
near the surfaces of the crystals, so that lines linking the linear imper- 
fections derived from them with the surface would not be observed. Others 
; are, however, formed at greater depths within the crystals and in this case 
E also it has not been possible to find any trace of the segments which might 
B be expected to join the apparent ends of the lines in the basal plane with the 
| Mi. surface. If the lines do indeed terminate in the basal planes, they cannot 
FTT be ordinary dislocation lines. 

^ The lines associated with these simple arrangements increase in length 
during observation and eventually meet and interact with lines expanding 
from other similar elements which appear in the area previously occupied 
by the dislocation loop. The interactions which occur when the lines 
Intersect can be seen in fig. 3 (a), (b), (c) and (d). These were taken at 


all the lines appearing after the 
he same basal plane or in à group 
When two lines meet after converging to a 
outwards from the resulting node along the other 
100» direction. When three converging lines 

(a) and near the middle left-hand edge of 
The lines then continue to 
‘the corne oftheelement. When 
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(b) 


Successive stages in the contraction of a hexagonal network of linear 
imperfections. x 3420. 
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of lines has been formed near the centre of the area previously xe by | 
the loop as in fig. 3 (c) and (d). The networks, which appear to lie De | 
basal plane of the cadmium crystal, then gradually shrink by the inw a | 
displacement of the lines, towards a centre as shown in fig. 4 (q) and (b) 

which are two successive photographs of the same network. During the 

process of contraction, the nodes of the network are essentially conserved. 

The hexagonal elements of the network simply shrink in size as they drift 

inwards towards the centre. They can finally no longer be seen in this | 
central area and a gradual fading of the lines then spreads outwards from it. | 
The entire system of lines finally fades completely away leaving no trece 

which can be seen by diffraction contrast observations made within. tae 

range of tilt angles of the specimen carrier of the Philips electron micros¢ 
At the optimum intermediate stage, the central areas of many of the zst- 


works have regular hexagonal elements. : ay, Ls 
Y 
| 
| 
i 
| 
| 
| 
| 
i 


The elements around the boundaries of the networks are usually isss 
regular but the associated lines appear to terminate sharply as has already 
been noted. 

The central areas of some of the networks are remarkably similar to those 
formed by systems of dislocations on sub-boundaries lying in the basal 
planes of zinc crystals (Berghezan et al. 1961). Our first attempts to 

| interpret the present observations were based on the hypothesis that the 
l networks which we have observed were of a similar type. This approach 
is encountered many difficulties. We have not yet been able to observe the 
| eec segments linking the apparent ends of the lines in the basal planes and the 
ry surface and it has not been possible, on this hypothesis, to give a satisfactory 
account of the contraction and eventual complete disappearance of the 
entire system and of the manner in which this occurs. 

An alternative hypothesis appears to be more promising but a number of 
outstanding difficulties remain to be resolved before it can be accepted. 
This will require a considerable amount of further experimental work and a 
detailed analysis of the diffraction contrast phenomena which have been 
pee We suggest, as a tentative working hypothesis, that the lines 
W. ich we have observed are formed by narrow ribbons of stacking fault 
which are bounded by imperfect dislocations with Burgers vectors of the 

i e+p. The lines lie generally along the directions of the p-compon- 3 
E s vectors and they must move laterally by climb pro- 3 
ate throu th the addition of vacancies by a whisker 


iscuss d by Berghezan 


j 
E 
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with the apparently uniform width and the stability of narrow ribbons of 
stacking fault of finite length. Ifthe lines seen in figs. 2 (a) and (b) are indeed 
narrow ribbons of stacking fault, it is difficult to understand why they do 
not spontaneously transform by a climb process into circular discs of 
equivalent area. Even if one accepts that they are ribbons of stacking fault, 
it is difficult to understand how they can remain of uniform narrow width as 
they elongate. 

The second group of difficulties is concerned with the reasons for the 
transformation of a vacancy -type loop into an array of linear imperfections 
and with the mechanism whereby this occurs. No entirely satisfactory 
understanding of the driving force behind this transformation or of the 
mechanism involved has yet been achieved. 


Fig. 5 


The arrangement of the imperfect dislocations in two adjacent nodes in an 
intersecting system of ribbons of stacking fault. (See Berghezan ef al. 
1961 and Price 1961 a for the notation.) 


It is clear that narrow ribbons of stacking fault must be stabilized by 
outwardly directed chemical forces which act in the presence of a super- 
saturation of vacancies and oppose the inwardly directed forces due to the 
attractive interaction between the imperfect dislocations bounding the 
stacking fault and the tendency for the area of the stacking fault to decrease. 
If the supersaturation falls, ribbons of stacking fault will disappear due to 
their dissociation into vacancies which diffuse away. The uniformity in 
the width of the ribbons may be a consequence of the presence of an 
inflexion in the curve showing the decreasing energy per unit length of a 
stacking-fault ribbon as a function of decreasing width for a given value 
of the supersaturation. It could be understood if, at a particular value of 
the width, the energy per unit length were to increase with decreasing 
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width, due to a change in the nature of the cohesive a e d 
decreasing again. In this case a minimum would appear x he 

values of the supersaturation exceeding a certain eritical value. vem 
With regard to the second problem, we have to conelude that, under the 
conditions of our experimental observations, the vacancy -type loops become 
increasingly unstable with increasing size. This instability appears, at 
least in part, to be due to the interaction of the loops with mobile specks 
which can be seen by diffraction contrast at the edges of extinction contours 
in the crystals. We have observed three types of mobile specks. Two 
of them are associated with dislocations which usually leave trails behind 
them as they move. These phenomena have also been observec 
Berghezan et al. (1961) in zinc. The third type, with which we are cones 
here, consists of discrete localized specks which have been observe 
move sometimes above and sometimes below vacancy type loops wit: 
interacting with them. We have reason to believe that these spec) 

consist of clusters of interstitial cadmium atoms. They have a much 

at higher mobility than the dislocations and two specks do not usually combine 
i to form a single larger speck when they interact. After a certain period of 
3h random associated motion, the two specks separate again and continue 
their generally independent movement through the crystal. When sucha 
| li speck collides with the central area of a vacancy-type dislocation loop, a 
ai circular patch immediately appears within the loop which has the same 
ki contrast as the area of the crystal surrounding the loop. There is now an 
d d annular area of stacking fault on the basal plane which is bounded by two 
approximately circular dislocation loops which have equal and opposite 
Burgers vectors of the type }c+p. We have noticed that the abrupt 
disappearance of a vacancy-type loop frequently follows the interaction 
of one of these mobile specks with the loop and that the speck disappears in 
the process. Both in this case and in the case of apparently spontaneous 
transformation, the evidence seems to suggest that interstitial cadmium 
atoms collect within the plane of the loop while vacancies are still being 
added around its perimeter. The loops become increasingly unstable as 
-. .. more cadmium atoms collect in their central areas until a critical point is 
G meached at which the loop is transformed into a hexagonal network of 

bbons of stacking fault which has a lower energy in these circumstances. 
unano of the networks and their final disappearance is attributed 
nr sion of the vacancies which they represent, on the basis of our 
hypothesis, either to other sinks associated with the high density 
: 101 [2 his stage or to the surface of the Specimen. 

preserved as th | 
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the nodes in a number of favourable cases and, besides interactions of the 
type shown in fig. 5, we have also seen examples of other nodal structures 
at intersections between ribbons of stacking fault which might now be 
predicted from the analyses of the interactions between approximately 
circular vacancy-type dislocation loops given by Berghezan ef al. (1961) 
and by Price (1961b). The working hypothesis which we have proposed 
as a basis for the interpretation of our observations cannot be accepted 
until it is supported by a detailed experimental and theoretical analysis of 
the diffraction contrast phenomena which are associated with the arrays of 
line imperfections. The Burgers vectors of the dislocations in the networks 
must also be established by direct observations made with a universal 
stage. 
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Note added in proof. Observations made since this paper was submitted 
have shown that the formation of the vacancy-type loops is not due to 
the bombardment of the crystals with negative ions in the electron 
microscope as was proposed by Price (1961a,b). The loops are most 
probably formed by the aggregation, under the influence of the electron 
beam, of small clusters of vacancies incorporated in the thin ribbons 
during their growth from the vapour. The areas lettered with T at the 
nodes in fig. 5 should be lettered with o. 


REFERENCES 


BERGHEZAN, A., FOURDEUX, A., and AMELINCKX, S., 1961, Acta Met., 9, 464. 

Corman, R. V., and Sears, G. W., 1957, Acta Met., 5, 131. 

Price, P. B., 1961 a, Phys. Rev. Letters, 6, 615; 1961 b, General Electric 
Research Laboratory Report No. 61-RL-2794M. 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


lk Sm 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Son eerste mean ve a 
USA eae SS x 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Pressure Effect on the Fermi Surfaces of Ag and Cu 


By D. CAROLINE and J. E. SCHIRBER 


H. H. Wills Physics Laboratory, University of Bristol, 
Royal Fort, Bristol 8 


[Received 27 October 1962] 


ABSTRACT 


The effect of pressure on the detailed shape of the Fermi surfaces of Ag and 
Cu has been investigated by a measurement of the transverse magnetoresist- 
ance of high purity single crystals at 4-2°x and 18 kilogauss under hydrostatic 
pressures up to 2-5 kilobar. No change in size of the ' necks ' relative to the 
rest of the Fermi surface was observed in either metal. The precision was 
such that a change of about 0-2% per kilobar and 0-396 per kilobar could 
have been detected in Cu and Ag respectively. A theoretical estimate based 
on Ziman's model for the noble metals gives a change just less than the limits 
of detection in our experiment. A technique for obtaining single crystal 
)- wires with resistance ratios (Je39pek/ R4»g) in the range 1000-1500 is outlined. 


| $1. INTRODUCTION 

TuE detailed topologies of the Fermi surfaces of metals have become 
| increasingly well determined by the wealth of complementary data from 
| de Haas-van Alphen, magnetoresistance, magnetoacoustie and related 
| experiments. Itis of interest to examine the effect of hydrostatie pressure 
| on this detailed topology, and magnetoresistance measurements appear to 
| be the most straightforward for this purpose. 

| Among the best understood Fermi surface topologies, and certainly the 
à best documented, are those of the noble metals, whose Fermi surfaces can 
| be envisaged as spheres interconnected through k-space by ‘necks’ in the 
| [111] directions to form ‘open’ (multiply connected) surfaces (Pippard 1957). 
Ziman (1960) has given a model for the Fermi surface of a noble metal from 
which it is possible, under certain assumptions, to make a quantitative 
estimate of the effect of pressure on the size of the necks relative to the 
size of the rest of the Fermi surface. This model approximates the Brillouin 
zone by eight overlapping cones with axes in the [111] directions. The 
energy, E(k), within each coneis perturbed away from the quasi free electron 
value, 7/?k?|2m* , by a potential, U m associated with the adjacent hexagonal 
face of the Brillouin zone. Ziman defines p as the distance from the 
origin to the centre of this face, and was the reduced potential, U,,,m*/h?p?. 
Imposing the condition that the zone must always remain exactly half full, 
Ziman obtains a relation between the reduced potential and the neck radius 
(the curve n = 1-0 of his fig. 7) whichis closely represented by the expression : 


(r/p)? = 0:595(u — 0-142). 
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This leads to the following pressure (P) dependence for the neck size: 


dln (r/p)/dP = 0:5w](u — 0-142) dInu/dP. 


To obtain an order of magnitude estimate of the size of the ereot to pe 
expected, we might assume that m* and U,,, do not vary with pressure 
or that their effects compensate so that u depends on P only through p. In 
this case the change in neck size can be caleulated at once from unas S 
values for u using Bridgman's (1949) values for the compressibilities. The 
result is a change of about — 0:1% per kilobar for Cu and — 0-2% per kilobar 
for Ag. j 

Lifshitz and Peschanskii (1958) have shown that open Fermi surfac 
lead to very characteristic behaviour in the magnetoresistance. 4 
their work, one expects to observe two-dimensional regions of z 
magnetic field direction in which the transverse magnetoresistance va 
the square of the field, due to what Chambers (1960) has called Type E 
orbits. Inthe noble metals, these regions surround the principal directions 
[001], [011] and [111]. One-dimensional regions of applied field direction, 
also having H? magnetoresistance dependence, exist in the planes normal to 
these principal axes due to ‘Type A’ open orbits. In both these regions, 
the magnetoresistance varies as H? cos? x, where « is the angle between the 
direction of the open orbit and the direction of the current. Sharp peaks 


| in the magnetoresistance will be observed when the applied field direction 
| { TS passes through a Type A region or crosses a boundary of a Type B region, 
II while saturation of the magnetoresistance with field will be observed 


outside these regions. 

Priestley (1960), and more recently, Alekseevskii and Gaidukov (1962) 
have shown that the relative dimensions of the necks in the noble metals 
can be determined by the spacing of the Type B peaks. The rough calcu- 
lation above based on Ziman's model indicates the change in the neck 
size may be very small, but we have attempted to detect it by making 
careful measurements of the transverse magnetoresistance of high purity 
single crystals of Cu and Ag at 4-2°x and 18 kilogauss, at zero pressure and 
under hydrostatic pressures up to 2-5 kilobar. 


$2. EXPERIMENTAL PROCEDURE s 
ents were made on single crystal wires of Cu and Ag 
nch lo d 0-015 in. diameter having resistance ratios 
e 1000 to 1500. It was found difficult to prevent 
om 1 he 10ulds if crystals of this size were 
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tube diameters smaller than 0-lin. resulted in substantially lower resist- 
ance ratios, presumably by increasing the proportion of carbon to metal in 
thesystem. After outgassing the tube, the metal was cast at a temperature 
as near the melting point as possible in a vacuum of about 10-5torr. A 
thermal gradient was passed over the sample from the bottom up at a rate of 
no more than 2mm/min. No attempt was made to seed crystals; rather 
several were grown until a suitable orientation was obtained. The crystals 
were etched down to 0-015 in. diameter with dilute nitric acid. 

The samples were mounted in a double spiral of 0-010in. diameter 
enamelled copper wire which served both to insulate the sample from the 
walls of the high pressure bomb and to provide the lower potential and 
current leads. The leads were brought up out of the cryostat through the 
high pressure tubing and out to air through a frozen oil seal such as des- 
cribed by Dugdale and Hulbert (1957). The potential drop across the 
sample was measured with a Diesselhorst potentiometer and a Tinsley 
galvanometer amplifier. Sensitivities of 2x 10-? volt were reproducibly 
obtainable. Transverse fields up to 18 kilogauss were provided by a rotatable 
4in. electromagnet with a 3% in. gap. 

r The high pressure bomb consisted of a hardened Be-Cu tube (+; in. I.D., 
lin. O.D., 5in. long) blocked at the lower end and connected to the high 
pressure tubing by means of à standard cone and seat joint. 

'The pressure was transmitted by solid helium which was frozen about 
the sample under nearly isobaric conditions. The bomb could be raised 
above the level of the liquid bath and warmed to 30 °k, while still connected 
to the high pressure pump, by sliding the entire apparatus through an‘ OQ’ 
ring seal at the top of the cryostat. The bomb was then lowered slowly, 
maintaining constant gas pressure. The high pressure tube above the 
bomb was heated electrically during this process to ensure that the solid— 
fluid line moved continuously upward past the sample. The temperature 
was monitored with a copper-constantan thermocouple affixed to the bomb 
near the sample position. This method of freezing the helium, necessitated 
by space limitations, is the only essential difference from the solid helium 
techniques described by Hinrichs and Swenson (1961). The applied 
l pressure was measured with a 0—70 000 p.s.i. Budenberg gauge. Assuming 
i isobaric solidification of the helium, the actual pressure imposed on the 
i sample could be calculated from extrapolations of the melting curve data 

of Dugdale and Simon (1953). This work was all performed at 4-2°K 
since this temperature is well into the residual resistance region for both 
Ag and Cu. 


$3. Discussion or RESULTS 


The transverse magnetoresistance rotation diagrams obtained in this 
investigation are in complete agreement with predictions based on a [111] 
- topology and agree in detail with the work on Ag by Alekseevskii and Gaid- 
e ukov (1962) and with the work on Cu by Klauder and Kunzler (1960). 
The distances between the Type B peaks were determined to a precision of 
between 0-5 and 1:0% depending upon the sharpness of the individual 


= 
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peaks and their separation. The peaks were generally located to +0-1 


degree of arc. i 
C i i à j F 1ally changed 
On applying or releasing pressure, the sample orientation usually g 


by several tenths of a degree relative to the plane of rotation of the applied 
field, so that slightly different parts of the Type B regions were traver sed. 
Tf not accounted for, this could lead to spurious variations of the neck size 
with pressure. We could determine changes in sample orientation to 
about + 0-1 degree from the variations in the spacings of appropriate pai rs 
of Type A peaks, on either side of the pertinent Type B region, since the 
Type A peaks are unaffected by pressure (unless the corresponding pen 
orbits are completely quenched). The necessary small corrections 
then be made to the spacing of the Type B peaks by reference to the 
of the Type B regions predicted by the [111] topology (Priestley 
The calculated shape of these regions is relatively insensitive to the prosis¢ 
shape of the necks, if the necks are small. 

After making these corrections, no significant change in the relative size 
ofthenecks was detected in these experiments. Under optimum conditions 
the precision was such that we can say that the diameter of the neck relative 
to the size of the Brillouin zone is changed by less than 0:2% per kilobar for 
Cu and 0:395 per kilobar for Ag. The precision is less for Ag because the 
necks are smaller and the peaks correspondingly more closely spaced. 
More precision could be obtained by either increasing the pressure or 
improving the angular determination. Substantially higher hydrostatic 
oe pressures have not yet been attained at these temperatures. The angular 

SER determination is limited by the finite width of the peaks which are probably 
poo by bends in the sample and mosaic structure of the crystals them- 
selves. 

It is probably worth emphasizing that this experiment would not detect 
a simple scaling of the entire Fermi surface as a shift in the Type B peaks 
can only occur when the size of the necks relative to the rest of the surface is 
altered. Buch a scaling might well be expected as the Fermi surface 
expands with pressure to keep the Brillouin zone half full. The precision of 
our experiment was not high enough to differentiate between this scaling 

d a small relative change such as predicted above with Ziman's model. 
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The Behaviour of Slip Lines on Aluminium Crystals under 
Reversed Stresses in Tension and Compression 
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H. H. Wills Physies Laboratory, University of Bristol 


[Received 18 July 1962, and in revised form 7 September 1962] 


ABSTRACT 


The behaviour of slip lines, on work-hardened and annealed surfaces of 
aluminium crystals, during stress reversal, has been examined by optical 
microscopy and multiple-beam interferometry. Strains were kept to less 
than a few tenths of 1% during any one half-cycle. In all cases it has been 
found that there is no obvious relationship between slip lines formed during 
tension and those formed during subsequent compression. In general a slip 
line is unaffected by a reversal of the stress up to a value of twice the initial, 
forward stress. A qualitative explanation in terms of internal stresses in 
the as-grown crystals is given. 


$1. INTRODUCTION 


Ix the interpretation of stress-strain curves, obtained during reversed 
stressing experiments, the question arises of whether slip during the second 
half-cycle occurs on the same set, or on a different set of planes, from the set 
operative during the first half-cycle. One approach to this question is to 
observe the formation of slip lines on the surface during two successive 
half-cycles of stress. Several aecounts of such experiments have been 
published, in which optical microscopy has been used to study the surface 
of aluminium single crystals and polycrystals (Brown 1952, Louat and 
Hatherley 1954, Forsyth 1954, Buckley and Entwistle 1956). "The results 
reported differ substantially from each other. 

Tn the work described in this paper observations have been made on 
aluminium single crystals, of extensive areas of the specimen surfaces, 
with an optical microscope. It was considered that some of the disagree- 
ment amongst the published work was only apparent, and resulted from 
generalizations from too few observations. Furthermore, both annealed 
and work-hardened surfaces have been studied, since the róle of the surface 
may be important. L 


$2. SPECIMEN PREPARATION AND EXPERIMENTAL PROCEDURE 
Three crystals of aluminium about 8cm long and 9mm diameter, of 
nomi nal purity 99-995%, were grown and their orientations, determined by 
optical goniometry, are shown in fig. 1. Specimens K and L were grown 
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by the strain-anneal technique and specimen P was grown from the melt in 
a graphite mould. The crystals were machined to be accurately straight 
and parallel sided and two small flats were put on the surface of each erystal 
about 2mm across. The flats were then mechanically polished down to 
4/0 grade emery. A heavy electropolish, removing about 75 of the 
surface, was followed by annealing for several hours at temperatures 
between 600 and 620°c. One of the flats on specimen L was mechanically 
polished, subsequent to annealing, with 2/0 and then 3/0 emery and finally 
given a light electropolish which removed about 15 y of the surface. 


Fig. 1 


ool 


Orientations of the specimens. 


ec cH p. stressed. in the apparatus described in an earlier paper 
dico dee se a : n A resistance strain gauge, in conjunction with a 
ne eae a os a to measure the strain and this enabled the surface to 
See "d ervals during straining, without the removal of an 
Eos ae e x en readings have been quoted to - 1x 10-5, 
ES E e d e limit of sensitivity of the apparatus. However, the 
ult of this » arm suming a value for Young's modulus and, as a 

m Que of the strain readings are 
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| lines with step heights less than 3004 could be readily detected with this 

! type of illumination. 

| The experiments using multiple-beam interferometry were somewhat 
preliminary in nature. A silvered cover-slip in a suitable mount was 
lowered gently onto the surface of the specimen. Satisfactory fringes were 
obtained in this way when viewed with an 8mm focal length objective. 
Resilvering of the cover-slip was necessary from time to time and this 
resulted in some variation in the width of the fringes from one set of observa- 
tions to another. 


$3. OPTICAL MICROSCOPE OBSERVATIONS 


Observations on specimen K were made on a fully annealed, electro- 
3olished surface while those on specimen L were on a work-hardened 
electr opolished surface. On specimen L a region of etched surface (using 
p hydrofluoric acid) was examined, but no difference from the unetched 
r surface could be detected. 


Fig. 2 


l | Specimen K. Compressive slip line which has formed close to tensile slip 
line A. x 960. 


OE - ae 3.1. Annealed Surface ; 
$ Slip lines were first seen after a plastic strain of 6-7 x 10~4 but the strain 
was increased to 13:3x10-* to provide more easily visible lines foi 
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Table 1. 


1 Tensile plastic strain Appearance of slip 
Resolved shear stress Y Uem vo 


(g mm-?) 


EN S —— —— ——]4 


Specimen K 
Ooo ———————— — 


Tension 133 Two prominent slip 


150 
lines A and B with 
ij faint slip lines be- 
H tween them 
i Compression - 
" 208 4-9T No change 
i 247 10-5 Faint compressive 
7 slip line 40 p from 3 
t Medium compressive 
ll slip line 3 p from A. 
i Tensile lines un- 
i affected 
i 323 34-1 Further compressive 
slip near B 
Tensile lines un- 
affected 
Specimen L 
"Tension 
735 3-4 See fig. 3 
Compression 
13:5 1:5 No change 
95:5 53 See fig. 3 
Tension 
95-5 3:0 New tensile slip 


lines formed 
Faint compressive 
line disappeared, 


E 
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observation. A'region of surface between, and on either side of, two 
3 prominent lines! (separated by about 5004) was chosen for detailed 
observation. In this region were a number of other much fainter lines. 

At various stages during subsequent compression observations were 
made of the chosen region and the results are summarized in table 1. In 
fig. 2isshown the compressive slip line (black) which has formed close to the 
tensile slip line À (see table 1). 

The compressive slip lines which had formed by the end of the observa- 
tions were grouped around slip lines A and B but no compressive slip was 
observed between them. From the table it can be seen that all the slip 
lines formed in tension appeared to be unaffected by the application of a 


T2ll2.---- 


D x Specimen L. Diagram of slip lines after tension and subsequent compression. ee 
ES Vertical scale 140: l; horizontally not to scale. Full lines represent : 
slip lines formed during tension, dashed lines those formed during 


subsequent compression. 


P.M. 
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maximum tensile stress. 


compressive stress of approximately twice the uter res 
twice the initial strain in 


The compressive strain was also approximately 


tension. ; 
3.9. Work-hardened, Electropolished Surface 


Slip lines were readily observed on this specimen after a plastic strain of 
only 3:4 x 107 — approximately half the corresponding value for the 
previous specimen. ‘The slip lines were shorter and broader in appearance 
compared with those observed on the annealed surface. 1:4mm of speci- 
men surface was systematically investigated which included, after the 
initial tensile strain, about 30 slip lines of which 10 were prominent. 7 
subsequent mechanical history and slip line appearance is summari 
table 1. ; 

After a compressive strain of 5-3 x 10-4 many compressive slip linos were 
formed and a scale drawing (derived from micrographs), of the «zion 
examined, is shown in fig. 3. None of the slip lines formed in tension ave 
been affected. The only relationship between the tensile and the com- 
pressive slip lines is that, with the exception of a group of three compressive 
slip lines, they all occur in the same bands. This grouping of slip lines into 
bands was also observed on the annealed surface (specimen K). The 
regions between the bands were devoid of visible slip. 


Table 2. Specimen P 


Resolved shear stress Tensile plastic 


Heights of slip steps (å) 


(g mm^?) strain (x 10-4) 
Tension (A) at 
In 29 T, —1400 


T, —750 
Compression (B) D 
196 =1400 
2 T,—750 
0, =1250 
C,=850 


0, =1200 
€, =950 


T,=slip line 1 
formed in tension 
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After 12 cycles of alternating stress at the stress level e pus 
j producing no visible change in the slip lines, the D a was s re 
compression to give à further stram of 10-8x10-*. Many new sup 
| were formed but none of the tensile lines were affected. 


$4. MULTIPLE-BEAM INTERFEROMETRY 


The aim of these experiments was to measure the step heights of slip 
lines before and after stress reversal. A work-hardened, eese 
surface was investigated because it was found that, on the average, BER 
heights were about three times as large as on a fully annealed surface. ‘Ehe 
results are summarized in table 2. Ri 

Two slip lines formed in tension were measured before and af d 
application of a compressive stress sufficiently large to form new sii: 
Similar observations were made for two slip lines initially for: e 
compression. In no case did the height of a slip line change with.n one 
limits of experimental error, which were approximately +1004. in 
figures 4 and 5 interferograms are shown taken at stages A and B of table 2. 


$5. Discussion 


| The results presented in this paper lead to the conclusion that a reversal 
i of the stress after a prior forward deformation gives rise to slip on new slip 
j planes. A reversal of the stress to about twice the initial forward stress is 
S insufficient to affect the slip lines formed during the forward stressing. This 
Sa conclusion holds for a work-hardened, electropolished surface but has not 
EEE been proved fully for an annealed surface due to the insensitivity of the 
FA interferometry methods employed. It is relevant to point out here that 
E an approximate caleulation from the measured slip step heights and spacing 
showed that, in the case of the work-hardened surface, the observed slip 
lines accounted for the measured strain ; in the case of the annealed surface, 
however, the observed slip lines accounted for only one-quarter of the 
measured strain. Thus slip lines probably existed on the annealed surface 
which were not resolved by the microscope. 
These results agree with those of Buckley and Entwistle (1956) who found 
hat, on an aluminium crystal with an annealed surface, compressive slip 
rmed between the slip lines resulting from prior tensile deformation. 
1 ults of Louat and Hatherley (1954) and of Forsyth (1954) 
with those reported in this paper. Louat and 
, Slip line formed in tension after the 
oximately twice that of the prior 
: yth, on the 
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> The electron microscope observations of Brown (1952) indicate that as a 
i result of the reversed bending of polycrystalline aluminium some of the 
slip bands are made up both of tensile and compressive elementary slip 
lines. The difference between these results and those described in this 
paper probably arises from the much larger strains which, presumably, were 
used and from the method of stressing. 

In considering the results it must be remembered that when a slip step is 
formed during forward stressing the emerging dislocations must fracture 
the oxide film. During the reversal of the stress, however, a new, air 
formed layer of oxide lies along the slip step and this might, conceivably, 
form an impassable barrier to dislocations arriving at the surface on the 
same slip plane. However, the observation of a slip line, formed in 
compression, which disappeared after subsequent tension and the observa- 
tions of Louat and Hatherley, mentioned above, would appear to rule out 
this possibility. There is, nevertheless, some doubt about this point since 
in these, rather exceptional, cases tensile and compressive slip of approxi- 
mately equal magnitude may have occurred on planes very close together. 
| A more satisfactory explanation can be attempted by supposing that the 
a sources which produce dislocations during forward stressing do not usually 
| operate during a reversal of stress. This situation can arise if we suppose 
that the sources are acted upon, not only by the applied stress, but also by an 
internal stress which varies randomly throughout the crystal. An internal 
stress which aided the production of dislocations during tensile deformation 
would oppose their production during compressive deformation and favour 
the operation of different sources. This internal stress could arise from 
dislocations in the as-grown crystal. 

The non-uniform distribution of slip lines, on both the hardened or the 
annealed surfaces, is significant in that the tensile and compressive slip 
lines tended to be grouped together in the same bands. Between the bands 
were regions in which neither tensile nor compressive slip could be detected. 
| A possible explanation is that there are barriers which inhibit slip in these 
| regions between the bands; if this is so, however, the barriers must be 
able to oppose the movement of dislocations of opposite sign and therefore 
they cannot be Lomer—Cottrell dislocations. Internal stresses, of sufficient 
magnitude, would be suitable barriers provided they change in sign along 
the slip plane. An alternative explanation is that inhomogeneities in the 
as-grown crystals result in some regions having sources which act at lower 
applied stresses than the sources in other regions. 
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ABSTRACT 


The effect of localized structural flaws on the electron states of ideal crystals is 
treated generally. The work is based on the one-electron approximation, and 
on the assumption that the states are all generated by the same Hamiltonian 
operator. The conclusions are independent of further approximation. The 
crystal symmetry properties are used both to classify problems, and to 
determine for any given problem, those Wannier functions most appropriate 
for use as base functions. Unlocalized states have energies lying in the 
bands of the ideal crystal, but within certain limits whose positions depend on 
symmetry factors and which in general do not coincide with the band edges. 
States with energies outside these limits are localized on the flaws to an extent 
decreasing as a limit is approached. As the limit is reached the state 
becomes unlocalized. The procedure for obtaining results specific to any given 
class of problems is illustrated by reference to flaws having plane symmetry 
(e.g. elean surfaces, stacking faults and twin boundaries), line symmetry 
(e.g. wires and certain dislocations), and point symmetry (e.g. impurity and 
interstitial atoms, lattice site vacancies and a surface with an adsorbed 
molecule). 


$1. INTRODUCTION 


Mvoz progess has been made in determining the effects of particular types 
of flaw on the one-electron states of crystals. In science the particular 
usually precedes the general, and as yet there have been few attempts at 
generalization in this field. This paper is such an attempt. Its aim is to 
derive theorems that apply to crystals with any type of imperfection, to 
demonstrate the relation through symmetry of superficially very different 
problems, and to derive their common properties. 

The treatment is based on the one-electron approximation and on only 
one further assumption, namely that the occupied electron states of a 
crystal are eigenstates of a single Hamiltonian operator. Concrete examples 
are used to relieve the abstract nature of the approach, which is a conse- 
quence of the desire for generality. The use of group theoretical language 
is natural because of the importance of symmetry factors. 

The nature of the problem demands a comparison between an ideal crystal 
and a crystal which differs from it only in limited regions. By considering 
the relation between the translation groups of the erystals (§ 2), we are led 
both toa classification of problems (§ 5) and to a method for the construction. 
of Wannier functions with desirable properties (§3). Using these base 


T Now at the Department of Theoretical Physics, University of Liverpool. 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


B. W. Holland on the 


88 


i i elatine the one-electron states of the 
A ru id Ee tals ralas are not specified the 
e. oe sly generally to imperfect crystals, and equally general 
e railed from them ($4). Using these theorems and dead 
properties of a given class, we de results that are common to all problems 

pecific to it ($5). 

oan ee aes oe a generalization of the first parts of the 
papers by Koutecky (1957, 1958) on surface states and adsorption. 


$2. Tue CRYSTAL MODEL 


This section describes the relation between those crystal types thas we 
wish to compare, and defines convenient terms. X 

We regard the nuclei of the crystal atoms as fixed, and define the pexfsos 
crystal as a system whose translation group (that is the highest raer 
translation group under which the nuclear framework is invariant) is tne 
direct product of three cyclic sub-groups whose basic elements correspond 
to non-coplanar vectors. These are the basic primitive translation vectors 
of the group, and they define the primitive unit cell of the crystal. We are 
interested in a comparison of crystals of the same substance, and by 
definition the translation groups of an imperfect crystal and the correspond - 
ing perfect one cannot be identical. But imperfect crystals can still be 
ideal, in the sense that their translation groups can be sub-groups (other than 
the unit sub-group) of the perfect crystal translation group. For example 
the model for a sheet-like crystal is ideal in this sense, since its nuclear 
framework is invariant under a sub-group of translations that are parallel 
to the surfaces. 

Translation groups with n basic elements will be described as n-dimen- 
sional. Crystals whose translation groups are one, two or three-dimensional 
will be said to have line, plane or volume symmetry respectively, and the 
corresponding groups may be alternatively described as line, plane or 
volume groups. A crystal whose translation group is the unit sub-group 
(which is zero-dimensional) has point symmetry. 

We shall be concerned with the relation between the states (i.e. the one- 
electron states) of an ideal crystal with translation group 9" of order N” 
and he nsion p^, and those of a crystal with translation group 3’ of order 

= EM : dem mes p^. Inall Cases of physical interest 3’ is the unit 
; MDs direct product of ' cyclic sub-groups of 9", and there 

3 oforder N and dimension p, which is the direct product 

groups of 8’, such that p^ —p'--p and 9” is the direct 
For example, m comparing a crystal of plane sym- 

try, asin the case ofa model for a sheet-like 


a crystal of 
with and 
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symmetry, as for a crystal with impurity or interstitial atoms, or lattice 
site vacancies, and the perfect crystal, 3” is a volume group, and 9' the 
unit sub-group. 

Denoting the Hamiltonian of the ideal crystal by H°, and that of the 
other crystal by H, we define an operator called the perturbation to the 
| ideal crystal by the equation 


T. eiie 


V-H-H?. 
V is invariant under 9', and we are interested in cases where it is localized 
perpendieularly to the translations of 9’, that is in the directions of the 
reduced wave vectors of 8. For a crystal that is sufficiently extensive in 
these directions V will tend to become the null operator in some regions 
(the unperturbed regions) which must be indistinguishable from parts of the 
ideal crystal. For example, for the sheet crystal V is invariant under 
translations parallel to the surface, but for points within the crystal its 
effect decreases rapidly with distance from the surface. Notice that the 
name perturbation does not here imply that the treatment is confined to 
cases where H and H® are almost identical. Also V is not in general a 
scalar function, but an operator. 

We shall employ periodic boundary conditions so that the model for any 
crystal must be cyclic. 


$3. Tur Base FUNCTIONS 


This section shows how to construct for use as base functions in 
any given problem, those Wannier functions with desirable symmetry 


properties. 


3.1. The Irreducible Representations of T'ranslation Growps 


Since 3” = 9' x J, the irreducible representations of 3” are the products 
of those of Jand 8. Hence, using a self-explanatory notation, the reduced 
wave vectors of the groups are related thus : 

k"—k'-k. 

We define a k’ sub-space of the k space of 3”, as a set of N vectors with 
fixed k’, but each with a different value ofk. Hence each of the vectors of a 
k' sub-space characterizes a different irreducible representation of 3, but 
all correspond to the same representation of 3’. There will of course be 
N’ different k' sub-spaces. Notice that if 8’ is the unit sub-group, a ki 
sub-space is the whole k space of 3". 

Since H° is invariant under 3”, there is a corresponding set of Bloch 
functions, and the energy is a function of k” and has a band structure. 
That part of the energy of band j associated with a k’ sub-space, is a function 
E,(k), and the totality of such energies forms a k' sub-band. The cor- 
responding Bloch functions have the form 


bj(k, r)  x;(k, r) exp (ik- r), Ge Pee EM E 
where y,(k,r) is invariant under 9 and r is the position vector. a 
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3.2. The Wannier Functions 


If the Bloch functions b associated with a k' sub-space are arranged into 
subsets of similar j, they define an orthonormal set of Wannier functions a 


by the equation MEN MGR cs Coe MAUS: 
where a and b are row matrices and U is a unitary matrix with elements 
U (n, k) =N"? exp (tk ^n), T HER NM (52) 


where n is a translation vector of 8. From (2) and (3) the individual! 
Wannier functions are of the form 
a,(n, r) Nee A r)exp(—ik-n). 


Hence $ 
a(n, r) = N-S y;(k, r) exp [ik - (r —n)]. ERES. 4j 
k 


Since the Bloch functions are continuous functions of the quasi-conti::- 
uous variable k, and because of the oscillatory nature of the summani, 
a,(n,r) can be made as small as required by making sufficiently large the 
component of (r—n) that is not orthogonal to the reduced wave vectors 
of 3. Thus these Wannier functions are localized in the directions of the 
reduced wave vectors of 3. Hence if 3 is a line group n specifies a plane 
(perpendicular to the reduced wave vectors of 3) in position space, and the 
set of Wannier functions for a given k’ sub-space ave localized each on one of 
a set of N parallel planes ; call them plane Wannier functions of 3. A 
plane group likewise defines line Wannier functions, and a volume group 
point Wannier functions. Notice that all these Wannier functions trans- 
form irreducibly under 9’. 

We have seen how to construct Wannier functions of a particular type 
that are appropriate for use here for the following reasons. Firstly, they 
transform irreducibly under 9’, and thus make the Hamiltonian matrix 
block diagonal, since H is invariant under 3’. Hence instead of solving the 
Aue problem for the whole matrix, we can simply solve it for one of 
gute ocks. Secondly, H=H°+V, and from (2) 

— MSU v. (8) 

the unperturbed Hi 
gonal fi : 
olv 
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V can be neglected. For example, for a sheet crystal the effect of V falls 
off rapidly with distance from the surface (for points within the crystal), 
and the Wannier functions are localized on planes parallel to the surface, so 
that matrix elements involving Wannier functions localized on planes 
within the crystal tend to zero as the distance of the planes from the 
surface increases. 


$4. THE GENERAL EQUATIONS AND THEOREMS 


We are now in a position to derive the general equations and results for 
crystals with localized structural flaws. 


4.1. States with Energies Lying in Gaps between the Sub-bands 
To elucidate the nature of the states with energies between the appro- 
priate sub-bands, we shall solve formally the eigenvalue equation 
He= We 2 5 re Se ru ue RISE) 
where H is a block of the Hamiltonian matrix associated with a certain 
k' sub-space. We shall employ the method of Green's matrix (Morse and 
Feshbach 1953) which has been used previously in particular cases of our 


| 
I 
b 
i 
| 
| 
| 
l 
j 
ind 
* 
3 
i 
| 
< — general problem, for example, by Koster and Slater (1954). 
| 
| 
1 
| 
| 


4.1.1. The Green matrix solution 
We wish to solve the matrix eqn. (6) which is easily put into the form 
(IZ — H9)c- Vc. SiS SS eee) 
The Green matrix G is the solution of the related equation in which 
Vc is replaced by the unit matrix ; it is the inverse of the matrix (1E — H?). 
The solution of (7) is therefore 
(gor X ee eee (8) 


From (5) 
G= U(IE — E?)- U+, 
from which its elements are 
1x exp [tk - (m —n)] 
mn) = SN S ET 9 
G ( m, n) ju 2 E — Ej'(k) ( ) 
In order that the Green matrix shall exist the matrix U-*(lE — E°)U 
must be non-singular, the necessary and sufficient condition for this being 
that its determinant must not vanish. Since U is unitary this means 
that the determinant of the diagonal matrix (LZ — E?) must not vanish, n 
so that # must not be equal to any of the energies of the appropriate sub- 
bands. The Green matrix solution therefore certainly holds for the 
states considered in this section. 
- From (8) and (9) the solution for the coefficients is 
uf ¢,(m) = 2 Comin) V (nto e): ec (0) 
Bs From (9) and (10) it is easy to see the basis for the common assumption 
|" that for E close to one band, only base functions associated with that band 
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m over Lis cut off after one term. From the equa- 
tions it is clear that this is reasonable for sufficiently n ee 
bands since the rest of the sum is rendered negligible, by the ae d 
the denominators of the terms. In general, of course, any require | e E 
of accuracy can be attained by including base functions from a sufficien 


number of bands. 


need be used, i.e. the su 


4.1.2. General properties of the states 
Any element of the Green matrix is à sum in whieh the summand is E 
product of two factors. On any straight line in the k sub-space one of the 
factors oscillates sinusoidally about zero, the rapidity of the oscillatiors 
being determined by the magnitude of e-(m—n), where e is a unit ves 
along the line and m and n specify the matrix element. The other fe. 
E(k) =[Z—H%(k)]-1, does not change sign throughout the range of s 
mation. Then since the summand is a continuous function of k, excep: 
for certain special forms of €,(k) that are of no physical interest, G;(m,n) 
will decrease with increasing |(m —n)|, and in general the corresponding 
terms in (10) will likewise decrease. And since we assume the correctness 
of the one-electron approximation, the series must converge so that it 
must be possible to attain a given degree of accuracy and yet neglect all 
terms for which |(m —n)| is greater than a certain value, r. Provided the 
ground domain is chosen large enough the approximation can be made 
= arbitrarily accurate by making r sufficiently large. For any m therefore 
s NM r defines a region y(m), such that if n does not specify a sub-space of y(m) 
de the corresponding terms in (10) can be neglected. We have seen that if 
n specifies asub-space of O, the corresponding elements of the perturbation 
matrix are negligible, hence from (10) only those coefficients can be signi- 
ficant whose vectors m are such that part or the whole of y( m) lies outside 
Q. Hence the amplitudes of the states become negligibly small within 
sufficient] y large unperturbed regions, i.e. they are localized on the perturbed 
regions. 
; The degree of localization is determined by r, which in turn is determined 
3 id n a for some band, say the jth. For physically interesting 
a E the more rapidly varying £j(k) is, and since this factor 
pidly as E approaches the edge of the appropriate k’ sub- 
» the states will become less strongly localized as their 
band edges. When the energy is infinitesimally 
d edge, é;(k) varies infinitely rapidly, r becomes 


à 


(——— 
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regions must have energies lying in the sub-bands. That such states 
must exist is physically obvious and can be established mathematically 
as follows. The coefficients c,(m) are elements of the unitary matrix C 
which transforms H into diagonal form, so that we have the sum rule 
Xc;*(m) cj( m) = 1, where the sum is over all eigenstates of H. Since states 
with energies between the sub-bands have negligible coefficients associated 
^o unperturbed regions, there must exist other states for which these 
sents are appreciable, if the sum rule is to be satisfied. The nature 

giases is clear from the fact that within the unperturbed region 
is 1. veriant under the basic primitive translations of 9, so that for points 
sufficiently far from the perturbed region the electron density for any such 
state is similarly invariant. Hence the states are unlocalized, similar to 


ELE ey) 
WIE. 


the Bloch states of the ideal crystal, and any one state extends throughout 
the unge:i::5-2 region. Also it follows automatically from the sum rule 
that thess .jates will tend to avoid perturbed regions where there are 
localized 


»es, So that the localized states do not produce a region of 


higher charge density (see also Koster and Slater 1954). 
We have just sc: that for energies in the appropriate sub-bands 
undamped motic:: ss:oughout the unperturbed regions occurs. Hence the 


converse of our sè: er theorem follows ; states that are localized on the 
perturbed regions Save energies outside the appropriate sub-bands. 

Notice that we have not specified H°, H, 3”, 3’, or J, so that the results 
are generally applicable to crystals with structural flaws. 


< 


$5. SPECIAL CASES 


We now make explicit the classification of problems implied in §2. 
The ideal crystal determines p" and the crystal of lower symmetry p', and 
problems with the same p” and p' belong to the same class. For localized 
perturbations p’ <p”, so that there are six classes for three-dimensional 
problems. Using p" and p' for any given class we can obtain results 
specific to that class from the general theorems. We can therefore distin- 
guish between the main characteristics of the electron states of imperfect 
erystals of different symmetry types (e.g. a sheet crystal and a crystal with 
an impurity), though not between different cases of the same type (e.g. a 
Sheet crystal and a crystal with a stacking fault). The following conerete 
examples make the procedure obvious, so that it is unnecesary to discuss 
every class. 


Consider first the sheet crystal; the model has already been described in 


some detail Because the crystal is invariant under a plane group, p 52 —— — — 


and there is à corresponding two-dimensional k space with Bloch functions. 
and energy bands. If we consider only Bloch functions transforming 
according to a k’ representation of 9', and require a comparison with the 
perfect crystal, we find that states (known as volume states) that penetrate 
into the regions far from a surface, have energies lying in the &’ sub-bands 
(corresponding to the line specified by k' in the & space of the perfect 
crystal). Hence the bands associated with these states of the sheet cryst 
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ill lie withi ‘fect crystal. Those 
will lie within the bands of the per | 
enu MM rface regions, known as surface and sub-surface 


( 
localized in the su à 
ae have energies lying between the k’ sub-bands, the degree of localiza- 


i 

; à he proximity of the energy to a k’ sub-band edge. But 
; Sair within E -band ano is associated with a different 
. representation of 9'. The bands associated with these states (surface and 
1 sub-surface bands) may therefore lie in gaps between bands of the perfect 
: erystal, but may also overlap any part of these bands except those parts 
common to all sub-bands. This behaviour is found in calculations on 
surface states, and is particularly clearly illustrated in the work on a siwy HE 
model by Grimley and Holland (1960). Of course these results for : 
sheet crystal apply to all problems of the class with p" 23 and p’=%, : 

to any type of imperfect crystal with plane symmetry, for example. x 
junctions and crystals with cracks, twin boundaries, or stacking i». 
(Attree and Plaskett 1956). 

A straight wire is a system of line symmetry ; the k space is of course 
one-dimensional, and a $‘ sub-space is a plane in the & space of the perfect 
crystal. If the wire is sufficiently thick there will be surface states with 
negligible amplitudes atitscentre. The results are analogous to those of the 
sheet crystal, but the sub-bands for the wire will in general be more oxten- 
sive, and so will the regions of energy not allowed to the localized states. 
Similar results apply for other systems of line symmetry, provided that there 
exist sufficiently large unperturbed regions. This condition excludes 
single dislocations from our consideration, since the ionic displacements in 
crystals with such faults do not tend to zero for large distances from the 
dislocation line. But as is well known, there exist stable configurations 
of two parallel, pure dislocations for which ionic displacements cancel at 
large distances, so that our analysis applies (see for example, Ziman 1960). 

We are not confined to comparisons with the perfect crystal, as is shown 
by the following example which belongs to the class with p =O and p" — 2. 
The sheet crystal with an adsorbed atom or molecule is a system of point 
Symmetry, so that there is no associated k space and we are concerned not 
z with sub-bands but with whole bands. States that penetrate into regions 

far from the adsorbed atom or molecule will have energies lying in the bands 
ideal sheet crystal, those localized in the surface regions in the surface 

u ) urface bands, and those that penetrate the interior in the volume 
s (see for example Grimley 1958). 
ot systems of point symmetry such as the models for crystals 
'urr oF interstitial atoms or lattice site vacancies, are most 
ar po Un ME perfect crystal, and in this 
\ . LC agam some very familiar results. 

es in the bands and the localized states in 
gree of localization is determined by the 
í arly shown in the calculation 
el for the impurity atom 


) 


à 
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mations unnecessary, and consequently the results are more reliable than 
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$6. CoNCLUSION AND DISCUSSION 

mathematical structure common to all problems on the effect of structural 
flaws on the electron states of crystals. The general theorems that have 
been derived are summarized in $4.2. Notice that the theorems apply for 
all types of ideal crystals, not only for perfect ones ; these are merely 
exccvs of the special case with p"=3. The following important result 
es very clearly from our method of analysis needs to be stressed, 


A unified treatment has been given, which reveals the underlying 


wide misconception about it. It is not true that localized 


Us outside the entire bands of the perfect crystal. They must 
cutside the appropriate sub-bands, but in general these will not have the 


same limits as the whole bands, except for systems of point symmetry. 
For erysteis vi^ ©’ >0 the energies of the localized states can lie within - 
the ba» L5 v9rtect crystal. This is made clear in $5 where problems 
have bec:. “od according to symmetry and results characteristic of the 
classes spc-...ed by the numbers p^ —3, p =2; p 23, p =1; p^ —3,p' 50; 
and p" =2,%' =Ohave eesagiven. Results for other classes can be similarly 
obtained, whether to: Saree or fewer-dimensional problems. Notice that 
apparently unrelx®-.. -voblems often belong to the same class and have 
important results :: -;:amon, so that work can be reduced by carrying over 


j 


results from one ; em to another. Hence though the results are not 
surprising, the treatment has the characteristic virtue of generality; it 
enables one to see apparently diverse problems from a unifying viewpoint, 
with a resulting economy in thought. 

The reliability of the results depends only on the validity of the one- 
electron approximation, and on the soundness of the assumption that the 
occupied state functions are eigenfunctions of a single operator. This 
assumption is true even for the most refined model commonly used in solid 
state theory (see for example Seitz 1940), in which the electrons are all 
paired, the members of a pair having the same space orbital but opposite 
spin. This model is usually regarded as sound for all except ferromagnetic 
and strongly paramagnetic solids. Since the premises of our treatment are 
contained in those of the paired electron method, its range of application 
and its reliability is at least as great. It should be noted in this connection 
that Koutecky’s (1960) remark that work on the surface state problem had 
ignored electron interaction even within the Hartree-Fock self-consistent 
method, is not true of this treatment. 

Most work in this field has been directed towards obtaining detailed 
results for particular problems, and it has therefore been necessary to make 
assumptions in addition to those made here. For example much use has: 
been made of r.c.A.0. approximations and one band models. And of 
course if the general equations of this paper were used as a starting point 
in such investigations, similar approximations would have to be made. 
But the general nature of our treatment has made such further approxi- 


most special cases of them obtained previously. 
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ABSTRACT 


The specific heat of solid argon at constant volume is calculated on the basis 
of the anharmonic Einstein model in the temperature range 40-84°x, where 
anharmonic effects are important. The results are used to estimate the 
contribution made by thermal vacancies to the measured Cy and from this the 
free energy of formation of a vacancy is determined. The value so obtained 
is in disagreement with theoretical values and the reasons for this are discussed. 


Tue theory of the inert gas solids is often regarded as being particularly 
simple in that a good representation of their properties can be obtained 
using a two-body central force interaction of the Lennard-Jones type 
between atoms. These solids are therefore of considerable interest for 
the theory of lattice defects since they should provide a test for caleulations 
of the energies of vacancies; dislocations, ete. Calculations of the free 
energy of formation of a vacancy in solid argon have been made by Kanzaki 
(1957) and Hall (1957) for the static lattice and by Nardelli and Chiarotti 
(1960) for finite temperatures. These all agree in predicting very little 
relaxation of the atoms around a vacancy and thus the formation energy 
is close to the cohesive energy per atom. 

Flubacher et al. (1961) and Beaumont et al. (1961) have recently measured 
the specific heat Cp of solid argon and krypton from liquid helium temper- 
atures up to the melting points and their results for argon are shown in 
fig. 1 together with the corresponding Cy obtained with the thermal expan- 
sivity and compressibility data of Dobbs and Jones (1957). The sharp 
rise in the specific heat curves near the melting point is interpreted as 
due to the formation of thermal vacancies and an analysis of this rise yields 
information on the vacancy formation energy which may be compared 
with theory. 

The thermal equilibrium number of vacancies in a solid of N atoms is 


n=Nexp(—g/kT), ire Ee s QD 


where g — h —sT' is the Gibbs free energy of a vacancy, h and s sius the 
vacancy enthalpy and entropy. The thermal vacancies make a contrib- 
ution to Cy of 


nh? 


ACy-— YT?’ . . D . D . . . (2 
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erature region, where is independent of temperature. 


in the high temp 
bution at constant volume may be shown to be 


| The corresponding contri 
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| ACy= mat e yo : ) EN 
where v is the free volume of vacancy formation 
og 
v= (2. opus eer s (A) 


wis the coefficient of thermal expansion, « is the isothermal compressibility, 
and subscripts 0 denote values for the solid without vacancies. Equation 
(3) may be obtained from the usual thermodynamic expression for the 


i Fig. 1 
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temperature contribution of vacancies to thermal expansion and com- 
pressibility is 


ag ee t QE SENT (8) 
e oa INNO. oa INI E 
K—Ko=(0— 0g) UL e E T ERE 


for n & N, where va is the atomic volume; the fractional changes in « and « 
are therefore comparable. 

The AC, and AC, are the differences between the specific heats with and 
without vacancies and are known if the ‘normal’ specific heats C59 and Cy? 
of the hypothetical solid without vacancies can be determined. In AgBr 
and AgCI, for example, the effect of defect formation is large and a simple 
extrapolation from C at low temperatures proves adequate for estimating 
Cp’ (see, e.g., Lidiard 1957, and references given there). For argon this is 
less satisfactory because the vacancy concentration becomes appreciable 
above about 60°K, which is below the Debye temperature (~ 90°K), so that 
quantum effects are still important as well as anharmonicity corrections. 
Beaumont et al. proposed an extrapolation for C5? in argon (fig. 1) and their 
analysis of AC, gave the vacancy energy to be only about one-half of the 
theoretical values. Their extrapolation procedure is plausible but some- 
what arbitrary, however, and we have therefore re-examined this by making 
a lattice dynamical calculation of Cy? using the anharmonic Einstein model. 

A lattice wave calculation of specific heat would be more desirable, e.g. 
Horton and Leech (to be published), but the anharmonic correction is 
difficult to calculate accurately for argon because of the near cancellation 
between the large contributions of the cubic and quartic anharmonic terms 
in the crystal potential, as shown by the model of Foreman (1962), for 
example, when applied to argon. Maradudin ef al. (1961) calculate the 
leading term (linear in 7’) in the high temperature expansion of the anhar- 
monic specific heat, but with the (6,12) Lennard-Jones potential of Zucker 
(1958) between nearest-neighbour atoms this predicts an anharmonic 
correction ~ — 2R at 80°x, which is incompatible with the observed specific 
heat for any reasonable vacancy effect. ‘The occurrence of a large leading 
term indicates, as we shall show below, that higher-order terms in the 
perturbation series are important. 

The anharmonic Einstein model avoids these difficulties by calculating 
the motion of one atom in the average potential of all the others. It has 
been studied by Henkel (1955) and Zucker (1958) with quartic terms in the 
potential, but these authors employed energy levels calculated by treating 
the anharmonic terms as a perturbation and using first-order perturbation 
theory. This is inadequate near the melting point of argon, where second 
and higher order terms are significant. On the other hand, it proves 
sufficient to treat the anharmonic effect classically in the temperature 
range of interest even though quantum effects are still important in the 
harmonic term. Thus the perturbation expansion of the partition function 
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| for an oscillator with potential V(x) = ca? + fat gives 


| rm, MARY a. ero HEY (ue eh o. 

j p ie az) +...) 413) (veas +... 

SPUN He E MEL SN) 
where Cy" is the specific heat of the harmonic Einstein oscillator (f= 0) and 
k6,,/h is its frequency (85 ~ 60°K for argon). It is seen that the quantum 
corrections in the anharmonic terms are negligible for T greater than about 
39,, and the anharmonic part of the specific heat is therefore obtained 
accurately by computing the classical partition function integral 


Z = (2mmkTy!* | exp [— (cx? + fat)/kT'] dx. et 7. CES) 
— 0 
This is convenient in the present example because the series (7) is an 
asymptotic expansion and becomes useless for solid argon near the meiting 
point since the terms become successively larger. We have evaluated the 
thermal energy numerically from (8) and find that the results are well 
] represented for 0 « fT'[c? « $ by 


i Cy _ 14+ 21fkT'/2c? (9) 
i ko 1419fkT]O ' 5. aa 
| where the right-hand side is the first Padé approximant (Wall 1948) to the 
3 series (7) in the classical limit. If we replace the harmonic part C,^ — k in 
(9) by the harmonic Einstein specific heat we have 
Ov O^ — 3fkT [2e 10 

ko k Tae Ed 
We observe that the ‘leading’ anharmonic term in (7) is reduced by a 
factor which may be appreciably greater than unity and is greater than 
two for argon above 60°K. It is possible that a similar situation holds for 
emon Lu calculated on a lattice wave basis and that the linear 
term as given by Maradudin ef al. gives too la i E 
Rech ue g rge an estimate of the anhar 
e normal specific heat Cy? has been calculated in this way using the 
tial of Zucker (1958) and taking aecount of the temperature 
of force constants and Einstein temperature due to thermal 
here is good agreement with the measured specific heat from 
L) which gives us confidence in using the model to predict 
c heat fro 1 60 to 84°K. The AC, has been analysed 

edure with v=, and 3v, and the hi 


and the high temper- 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Vacancy Contribution to the Specific Heat of Solid Argon 101 


example, at 80°K we get (x— ap)/x= 1:3 ifv=va! This isin agreement with 
the conclusions of Beaumont ef al. 

Theoretical estimates of the vacancy volume have all given values 
close to va so far, since they predict only a small elastic relaxation of the 
atoms around a vacancy in argon. For this to be correct it is necessary 
for there to be fewer vacancies and smaller ACy and AC, terms than we 
have calculated. Now the specific heat Cy of solid krypton appears to 
contain only a small vacancy term just below the Debye temperature and 
is fairly linear in this region. If we therefore assume that Cy? for argon 
could be obtained by a linear extrapolation from the point of inflexion in Cp 
((&) in fig. 1) we arrive at line (a) in fig. 2 for the vacancy energy ; this does 


Fig. 2 


NARDELLI AND 
CHIAROTTI 
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VACANCY FREE ENERGY (CALS/MOLE VAC) 
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The free energy formation of a vacancy as a function of temperature. Full 
curve is the theoretical result of Nardelli and Ohiarotti (1960), and broken 
lines denote high temperature variations corresponding to the normal 
specific heat curves (a), (b) and (c) of fig. 1. 


T Morrison (private communication) has re-estimated the normal specific heat 
by combining the harmonic lattice wave calculations of Horton and Leech with 
an estimate by extrapolation of the residual anharmonic contribution, and 
finds 1820-5-5 RT for the vacancy energy. i 
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| E term in « (e.g. 10% at 80°K with 0 — va). 
5 lead to a reasonable vacancy g d ee 


emphasised, however; (i)curre t / 
two-body Lennard-Jones potentials (including ours) 
(a) in fig. 1; (ii) even such a rapidly 
less than calculated. 


i Two points should be 
! caleulations based on : 
do not predict Cy? rising as fast as line ; 
rising Cy? still gives a vacancy energy appreciably ER . 
We conclude from this re-assessment of vacancy energy in argon that 
there is still a well-defined discrepancy between theory and experiment, 
which is greater than 25%. A small part of this could be accounted Zum 
by the result of Salter (unpublished) from vapour pressure work that the 
zero point energy correction to the sublimation energy is 60 calories per 
mole less than previous estimates. The estimated accuracy of the specific 
heat measurements is high and this means that either the normal lattice 
specific heat curve must itself rise sharply above the linear extrapo!stion 
near the melting point or the theoretical estimates of vacancy energy must 
be at fault. The former possibility seems unlikely but cannot be entirely 
discounted until the effect of anharmonicity in a lattice wave calculation 
has been better evaluated. The theoretical vacancy model of Nardelli 
i may be in error by using the Einstein approximation for the lattice vibra- 
] tions around the vacancy but there is fair agreement on the vacancy 
entropy — (0g[0T')y and it is difficult to see how this could account for the 
i discrepancy in enthalpy. The size of the discrepancy suggests that the 
i static lattice energy of a vacancy in argon is in error, due possibly to the use 
of the two-body central force potential of Lennard-Jones type, which has 
already been shown to be inadequate for predicting the stable crystal 
structure of solid argon. If, for example, both two and three-body 
cohesive forces are assumed between nearest-neighbour atoms then, for the 
rigid lattice, the cohesive energy per atom is 68+8A and the vacancy 
formation energy is 68-- 16A; here £ is the two -body energy and A is the 
three-body correction to the binding energy of an equilateral triangle of 
three nearest-neighbour atoms (assuming additivity of these). Thus three- 
body terms change the vacancy energy relative to the cohesive energy. 
Axilrod (1951) has calculated the three-body Van der Waals potential 
___ (third-order triple-dipole term) and finds a contribution of —5% to the 
| Cohesive energy, which is too small by a factor five to explai 
: plain the 
epancy but nevertheless does have the right sign. Jansen and 
1956) find a larger three-body effect from second-order 
n terms, however, and both Jansen (1962) and Sparnaay (1959) 
di nay effects of the order of 20%, so it seems that many-body 
magnit | exist for argon. 


ancy between the calcu- 
nd that obtained from 
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been made for argon. If there are as many thermal vacancies as present 
analyses suggest (n/N z 0-195) then they should be detectable in a com- 
parison of volumetric density with x-ray or neutron lattice parameter, or of 
changes in these quantities. This technique has been applied successfully 
to metals, which have lower vacancy concentrations, by Simmons and 
Balluffi (1962, and earlier papers cited there) and might usefully be 
repeated for argon. 
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ABSTRACT 


The question of the sharp fatigue limit of iron and steel has been investigated 
by obtaining fatigue curves for single crystals and polycrystalline material 
carefully purified from carbon and nitrogen by long annealing at 1480?c in 
hydrogen (average carbon and nitrogen content near the surface <0-0002%; 
yield point absent). In addition, curves for the same material with controlled 
amounts of carbon and nitrogen re-introduced, and curves for plain Armco 
iron specimens with about 0:015% carbon, quenched and strain aged, i.e. with 
dislocations strongly anchored by interstitials, were determined, for com- 
parison with curves for the same material with carbon in solid solution or 
precipitated. 

It was shown that pure iron, like mild steel, shows a sharp fatigue limit in the 
region of 10° cycles, but at a lower stress level according to the lower strength 
ofthe material. Hence this behaviour in fatigue appears to be characteristic 
of high purity iron, and is likely to be an intrinsic property of the metal. 
On the other hand, the specimens containing carbon quenched and strain 
aged, show smooth fatigue curves with a significant slope in-the region of 
about 10? cycles and a fatigue limit reached above this value. 

It is suggested that anchoring of dislocations due to interstitials is not 
stable but is progressively broken down in regions of increasing volume in 
the course of fatigue. 


$1. INTRODUCTION 


As is already known (see for instance Thompson and Wadsworth 1958, 
Grover et al. 1954), within the scattering inherent in fatigue experiments, 
iron and steel, contrary to many other materials, generally show fatigue 
curves characterized by a rather sharp knee in the region of about 10$ 
cycles and a well-defined fatigue limit. It has been recently suggested 
(Lipsitt and Horne 1956, 1959, Levy 1957, Thompson and Wadsworth 1958) 
that the sharp fatigue limit generally observed in iron and steel is due to an 
effect of ageing in the course of the fatigue itself, associated with the presence 
of interstitials (carbon or nitrogen). More generally it has been suggested 
(Thompson and Wadsworth 1958) that materials which, like iron, show a 
sharp yield point, also show a sharp fatigue limit. For instance alloys of 


t The present research was made possible through support and sponsorship 
of the Fiat Company and a contribution by the CNR Commission for Industrial 
Research. 

Į Istituto Nazionale di Fisica Nucleare Sezione dell'Università di Torino. 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


COEM 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


106 A. Ferro and G. Montalenti on the 


agnesium are in this category. More 
formed experiments on the fatigue of 
and suggested that the observed 


aluminium with a few per cent m 

recently Lipsitt and Wang (1961) per 

titanium containing nitrogen and oxygen 

behaviour was analogous to that of iron and steel. a 

} However, some experimental results cast doubt on the validity of the 

| hypothesis quoted above, and, on the other hand, the results which support 

the hypothesis do not seem fully to prove it. No experiments have been 

i made so far on iron which is effectively free from carbon and nitrogen to 

| such an extent that the interaction effects of these elements with dislo- 

cations are really negligible. In the experiments of Lipsitt and Horne 

(1956) the carbon content was 0.004 wt. %, which may still be rather high 

in comparison with the concentration of about 10-9 which is thovght 

necessary to reduce the effect to zero. The experiments of Levy ond 

Kanitkar (1961), which show that, on previously co-axed mild steel speci- 

| mens, there are fatigue fractures in the region of 107-105 cycles and hence 

| no sharp fatigue limit, demonstrated that strain-aged steel gives smooth 

| fatigue curves but, as will be pointed out later in the present work, do not 

seem to give much support to the hypothesis that the presence of a fatigue 

limit in steel is actually due to ageing. The support that can be gained for 

| the hypothesis from other experiments on under-stressing and co-axing 

(Sinclair 1952, Dolan and Brown 1952, Ferro and Rossetti 1956) is rather 
indirect. 

On the other hand, there is an important group of other experiments 

which suggest different conclusions. Several measurements of internal 

friction and hysteresis losses associated with fatigue (Lazan and Wu 1951, 

Lazan 1954, Salonkangas 1955, Modlen and Smith 1960, for a review see 

also, for instance, Thompson and Wadsworth 1958) show that in iron and 

sie d e metals such as copper (Wadsworth 1957) or light 

Macho dates E and Murray 1946, Hanstock 1954, 1956), the amount of 

eae d A a smel stress cycle increases, at least in the early 

VOR a i m mucrographic observations show that the area 

a o a SET daing fatigue increases (Hempel 1959, de Fouquet 

(1962) were dut i: a and de Fouquet (1962) and de Fouquet et al. 

En : show rectly by internal friction methods that the free 

E. e. during fatigue, at least up to a certain number of 

al à s Sare actually the contrary of ageing, at least in so far 

rd imp es a locking of dislocations by interstitials, and already 

, p So Gite t to attribute to ageing—in this sense—the 

PED fatigue limit usually observed in iron and steel. 

a a significant increase in fati 


EN. 


| 
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stress cycle, gives further support to the previous conclusion. On the other 
hand, a type of ‘ ageing’ which could eventually occur in the course of 
fatigue and possibly have some effect is actual precipitation of carbides or 
nitrides. Such an effect was already observed by Hempel and his collabor- 
ators (Sanders and Hempel 1952, Hempel and Houdremont 1953). 

Hence it seems that the origin of the characteristic behaviour of iron in 
fatigue is not yet fully established and still requires further investigation. 
Towards this end it seemed particularly interesting to perform essentially 
two types of experiments in order to determine accurately : 

(1) fatigue curves of iron containing a small amount of carbon or 
nitrogen either: (I) mainly segregated around dislocations, as obtained by 
strain ageing after quenching; (II) mainly precipitated as carbides or 
nitrides, as in annealed specimens; or (III) mainly in interstitial solid 
solution, as in specimens quenched from a high temperature, in which 
extensive carbide precipitation can occur during fatigue itself; (2) fatigue 
curves of iron purified as carefully as possible from carbon and nitrogen 
(C--N € few p.p.m.). 


$2. SPECIMEN PREPARATION AND FATIGUE TESTS 


As for the purposes of the present work the important impurities were 
the interstitials carbon and nitrogen, it was thought better to start from a 
material of technical purity such as Armco iron and perform the purification 
treatments by suitable annealings in pure hydrogen (dew point — 55°c), 
so as to avoid the problems which could occur when preparing iron speci- 
mens directly, starting from small laboratory melts. Rotating bending 
specimens were used, as in fig. 2, with a diameter of 4.5mm and a root 
radius of 35mm. The surface finish used was obtained by smooth longi- 
tudinal grinding and deep electro-polishing in a phosphoric/chromie acid 
bath. Fatigue curves for the conventional material as annealed and 
electrolytically polished are given in fig. 2. It was found that the fatigue 
curve obtained using mechanically polished specimens was nearly the same. 
The approximate analysis of the material was 

C=0.015%, N=0-0028%, O=0:04%, S=0-027%. 

Fatigue curves were obtained on a rotating bending machine at 
1480 r.p.m.; special care was taken to avoid specimen vibration which could 
produce small fluctuations of the strain amplitude. E 

Since, as is well known, fatigue results are subject to a considerable 
scatter which renders difficult a significant differentiation of the form of the 
curves, at least for the most interesting series, experiments were performed 
on rather large groups of specimens. However, as the experiments are 
rather long, for some series of materials which were thought somewhat less 
important for the purposes of the present work, a smaller number of speci- 
mens was used. These data must be therefore considered only as prelimin- 
ary results. The experiments were performed in air. As is known, the 
form of the fatigue curves is extremely sensitive to amy small corrosion 
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- activity on the part of the surro : 
: d dm ME recelve Bm investigation. Honeys, d Hen a 
í] the experiments of Kochendorfer and Tientze (1959), air can be reasonably 
| thought of as a quasi-inert atmosphere. ; ; 

i The different groups of specimens tested, their static mechanical pro- 
perties and the respective fatigue resistances observed are quoted in the 
table. = : 

Series A refers to annealed plain Armco iron specimens. Series B refers 
to specimens quenched from 700?c in which, at the beginning of the 
fatigue experiment, a large fraction of the carbon present would be in solid 
solution. In these specimens ageing, essentially carbide precipitation, 
occurs in the course of fatigue as shown by the observed increase in hardness. 
Series C corresponds to specimens quenched from 700°c, strained 1% in 
rotating bending and aged for 72 hours at 80°c. These specimens have s 
high yield point and accordingly are much harder than the anneaied 
specimens. A relatively large fraction of interstitials is likely to be seg- 
regated around the dislocations introduced by the plastic strain. Specimens 
of series D were simply quenched from 700°c and aged at 80?c. Specimens E 
were carefully decarburized by annealing in pure hydrogen at 850°c for 360 
hours. The average carbon content of the specimens, determined by internal 
friction methods as used by Dijkstra (1947), Wert (1950) and others (Leak 
| | 1960) and by microgasometric methods, was 0:0010-0-0014 wt.% f. How- 
| ever, in the surface layers (about 1mm in depth), which are the more 
| — important in fatigue, the internal friction values obtained on a thin strip 
| heat treated at the same time suggest that the values are very low, about 

0:0002%. ‘The purification treatment used, however, leaves in the material 
| all the precipitated impurities present, mainly iron oxide. The grain size 
| : is noticeably increased with respect to the original material (about 0-3 mm 

against 0:03 mm) and some grain boundary brittleness occurs. However, 
a n ae m Roy for the present fatigue results ; in 
E enc. ide e r : ae on : Second series of specimens, in which 

Sa ER ie d n) ums passages, were almost identical. 

drogen at 1480° for 18 hours and hence s purified by annealing in dry 

ause of 12 hours at 800° Thi um ae Rum 
Cioffi to obtain extremel i h ; d = coel ogous toithat 
of this purification ue 5 UR In repa 
io ee bat also all precipitated impurities, essentially 
TUM = om OF Me specimens. The micrograph given in fig. 1, 
Sama; d completely free from impurities and with a 
l e of impurities and of any lattice 


unding medium and this point - 
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Fig. 1 


Micrographic appearance of Armco iron as obtained after purification at 1480°c 
in hydrogen. On left, same material before treatment (Nital x 100). 


strains is further confirmed by the exceptionally high magnetic properties 
of the material prepared in this way, giving in our case permeabilities of 
130000 to 200000. The crystals obtained are rather large, on the average 
5mm, and hence the region of the specimen subjected to fatigue can be 
considered as a single crystalf. The analysis by weight of the purified. 
specimens is as follows: C=0-001% (average); C< 0-0002% (near the i 
surface); N < 0:000195; 0 —0:0008751; $—0-0034951; Mn 0:003%. The pct 
analysis of carbon and nitrogen in the surface layers was obtained by 

measuring directly the internal friction on a small specimen cut from a 

fatigue test piece near the surface. As is seen, the 1480?c treatment in 
hydrogen almost completely eliminates not only carbon and nitrogen, but 
alsooxygenandsulphur. Asalready seen, the original oxygen and sulphur 
contents of Armco iron were in fact much higher than these. Also j 
manganese which is more volatile than iron, is strongly reduced. The l i 
material does not show a yield point. The elastic limit is 5 kg/mm? and a 
knife-edge rupture occurs with 100% reduction of area. Specimens G, H 


T The orientations of the crystals are random in each specimen. Probably 
due to this fact the scatter in fatigue endurances in this case (fig. 7) is somewhat 
higher than for polycrystalline specimens (see, for instance, fig. 6). 

i We are indebted to Dr. Talbot of the Vitry laboratory for the precision 
analysis of oxygen and to Professor Venturello for the analysis of sulphur. 
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and L were obtained in the same way as F, followed by : series G, 0-011 YG 
reintroduced by annealing at 710°c for 48 hours in an atmosphere of CO, 
and slowly cooling; series H, same as G, but quenched from 700°c and 
aged 2 hours at 100*c ; series L, 0-05% N reintroduced by nitriding at 580°c 
48 hours in NH;-H, atmosphere and slowly cooling. 


§ 3. DISCUSSION or RESULTS 


Compared with fatigue curves of the conventional annealed material 
(fig. 2), the fatigue of the specimens with 0:015% C quenched from 700?c 
and strain aged (series C, fig. 4) shows a higher fatigue resistance for very 
low cycles but tends towards nearly the same fatigue limit as the annealed 
material fcr a high number of cycles. The relevant feature of the fatigue 


[^d 
[i] 


6, kg/mm? 


no 
a 


24 


20 


5 10° 
Fatigue curve, series A, annealed Armco iron. 


curves of these specimens is that the sharp knee in the region of 10° cycles 
disappears and the fatigue resistance continues to decrease along a smooth 
curve to more than 10? cycles. Contrary to the case of annealed materials 
with carbon mainly in precipitates (series A and also G, H and L) in which 
hardness does not change appreciably in the course of fatigue, in this case 
the hardness of the fatigued specimens shows a significant decrease (table). 
This last result suggests a simple interpretation of the fact that in the 
strain-aged specimens a smooth fatigue curve is obtained, with a fatigue 
limit reached only for more than 10? cycles. In agreement also with the 
experiments on internal friction and the micrographic observations quoted 
previously, in the course of fatigue the anchoring of dislocations responsible 
for the high static strength of the strain-aged material is progressively 
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Fatigue curve, series B. Armco iron quenched from 700?c in water (C in 
solid solution). 
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broken in increasingly large regions of the specimen. Itisnot unreasonable 
that, at the lower strain levels, the process takes place rather slowly and 
hence a fatigue curve with a finite slope is found even at high number of 
cycles. 


Fig. 5 


10 2 s 10 2 5 4 2 s W e s 10° 


Fatigue curve, series D. Armco iron quenched in water from 700°c aged 
i 72, hours at 80°c. 
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The results obtained so far on this material confirm the results of n | 
et al. (1958) on mild steel specimens strengthened by strain d 1 i | 
observed a fatigue limit which was only slightly higher than that o the | 
annealed material. They confirm also the form of fatigue curves obtained | 


—— M 


i 
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in some preliminary experiments on strain aged steels by Cratchley and 
Smith (1961). It may also be interesting to underline the analogy of this 
behaviour in fatigue with that of aged light alloys. In this case, it has been 
shown (Forsyth and Stubbington 1957, Forsyth 1957, Broom et al. 1956, 
Gatto 1958, Morri 1958) that the significant slope of the fatigue curve at 
high number of cycles is due to a progressive decay of the strength of the 
material in the fatigued regions associated with overageing effects. It is 
important to note that, when these alloys are in the annealed condition, a 
knes in the fatigue curves in the region of 109 cycles appears and the slope 
of the curve above this value, if not zero, is very much reduced. 


Fig. 9 
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ne 


em 
Fatigue curve, series H. Same as series G, but quenched from 700°C in water 


and aged for 24 hours at 100°c. 


The results obtained also suggest a somewhat different interpretation of 
the experiments by Levy and Kanitkar, on the non-existence of a a 
fatigue limit in previously co-axed specimens. Some plastic deformation 0 
these specimens occurs during the co-axing cycles and they may possibly 
age mainly during the occasional interval in which they remain at 
before the fatigue experiment. Hence they behave just like the ce 
specimens (series C) of the present work, and accordingly vo eM 
fatigue curves with failures in the region of 10", 108 cycles. On the ot er 
hand, the results obtained so far strongly suggest that ageing, Le. a 
Progressive locking of dislocations in the course of fatigue, is impossible 
because what seems to happen is just the contrary, pees already observed, 
dislocations during fatigue move away from pinning points. 
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Tt thus seems unlikely that ageing is the or 
ofiron and steel. The results on specimens carefully purified from carbon 


and nitrogen (series E and F, figs. 6 and 7) in which no ageing can occur, 
appear to confirm this point of view directly. On these specimens à rather 
sharp fatigue limit is still found in the region of 10° cycles, both with poly- 


Je crystal, just as with specimens containing carbon. 


crystals and with a sing 
The only difference observed is that the fatigue limit is obviously much 
o the lower strength of the 


lower for the decarburized specimens, according t 
material, and that for these specimens hardness increases, showing work 
hardening in the course of fatigue. In fact these specimens, similar to 
other pure metals in which dislocations are not anchored by impurities, 
have an elastic limit in the virgin material that is much lower than the 


fatigue stress. 


igin of the sharp fatigue limit 


Fig. 10 
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the increase in hardness. Thus an intense carbide precipitation in the 
course of fatigue seems to give almost the same form of curve as is obtained 
with annealed specimens, with the knee about in the same position, i.e. 
around 10° cycles. Hence effects of ‘ageing’, interpreted in this case as 
carbide precipitation, as suggested by the experiments by Sanders and 
Hempel and Houdremont, may still not be inconsistent with the form of the 
fatigue curves observed with iron and steel. However, itis very uncertain 
if the knee obtained in the fatigue curves in this case is more marked than in 
the case of pure iron. 


Fig. 11 
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(0 50 100 150 200 
Vickers hardness (5kg) 
(after fatiguing) 


Fatigue resistance of specimens of different strength asa function of the Vickers 
hardness measured after fatiguing. 


Finally it may be worth while to mention briefly the results relating to 
some other series of specimens tested. These results were obtained on a 
rather small number of specimens and the form of the fatigue curve cannot 
be traced very accurately. Probably, however, à fatigue limit is SER 
present in all cases as with pure iron or plain Armco specimens whic 
similarly contain mainly stable precipitates. : ; 

Examining these S it iM to remark that, if the fatigue 
limit is plotted against hardness after fatiguing for materials in n a 
different static strength was obtained by carbon and nitrogen a tions 
precipitated in different conditions, all representative points fit quite well & 
straight line passing through zero (fig. 11), at least for the groups of speci- 
mens with similar crystal size and from materials prepared in the SEEN 
(Series E, F, G, H and L single crystal or at least large crystal specimens). 
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i § 4. CONCLUSION 


Summarizing briefly the results obtained : the Rui eq 
on iron carefully purified from carbon and nitrogen, single crys Lae 
crystal, show that a sharp fatigue limit with a knee in the region ot about 10 
| c Te k still present, as in mild steel. When the strength of the ferrite is 
Daed, mainly by the presence of precipitates, carbide or nitrides, the 
fatigue resistance appears to be increased accordingly, but the form of 
i the fatigue curves is not significantly changed. : 

On the contrary, when the increase in strength is obtained mainly by 
dislocation locking as in quenched and strain-aged specimens containing 
carbon, the fatigue curves become smooth with an appreciable slope to 
well above 107 cycles and, in spite of the fact that the yield strength ot the 
material is strongly increased by the strain ageing, the fatigue endurance 
for a large number of cycles is only slightly improved. It is observe that 
in this case, contrary to the case of annealed specimens, the strength of the 
material, as measured by hardness, is noticeably reduced during fatigue. 

Tt is suggested that this behaviour corresponds to the fact that dislocation 
locking due to interstitials is not stable under a repeated stress, i.e. in the 
course of fatigue an increasing number of dislocations are pulled away from 
pinning positions. Hence the present experiments, together with the 
results previously quoted, particularly those on internal friction, suggest 
that ageing, in the sense of a progressive anchoring of dislocations by inter- 
stitial atoms, is unlikely to be the cause of the sharp fatigue limit at about 
10° cycles generally observed on steels. 

A type of ‘ageing’ effect which can eventually be present in the course of 
fatigue is some real carbide precipitation in slip bands as was observed by 
Hempel and Sanders and Houdremont. However, such precipitation, even 
if present, has probably only a minor effect on the form of the fatigue curves 

3 of iron and steel. In fact, as observed, the fatigue curve of iron is already 
characterized bya rather sharp knee for the pure metal and an experiment 
on specimens containing a relatively large fraction of interstitials in solid 


solution, in which therefore very intense carbide precipitation occurs 


_ during fatigue itself, does not seem to roduce a signifi i i 
form LS curve. P significant difference in the 


dh ypical form of the fatigue curves of iron seems to be an intrinsic 


characteristic of the iron structure. 
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ABSTRACT 


The values of the upper yield, the lower yield and the flow stresses of 
pclverystalline Armco iron are shown to have very similar dependences on 
temperature between 78?x and 200?x. The variation with temperature of the 
component of the upper and lower yield stresses which is associated with the 
unpinning of locked dislocations is found to be small in comparison with the 
total change in yield stresses. It is suggested that the observed temperature 
dependence of the upper and lower yield stresses is largeiy due to the 
interaction of moving dislocations with solute atcms. 


$1. INTRODUCTION 


THE yield phenomenon in iron has been related to the breakaway of 
locked dislocations from their atmospheres of segregated impurity atoms. 
The observed temperature dependence of the yield stress has been attri- 
buted (Cottrell and Bilby 1949) to the thermally assisted unpinning of these 
locked dislocations. There is, however, evidence that the stress required 
to move the freed dislocations is also strongly temperature dependent 
(Heslop and Petch 1956, Conrad and Schoeck 1960) while Conrad (1960) 
has pointed out the similarity in the temperature dependences of the 
lower yield and flow stresses. It is thus possible that the observed 
temperature dependence of the yield stress is associated with the resistance 
to moving dislocations and not with the stress required to unpin locked 
dislocations. Clarification should be possible by the examination of the 
temperature dependence of the upper yield stress, but the experimental 
difficulties have been such that accurate data have not been available. 

In the present work the variations in the values of the upper yield, the 
lower yield and the flow stress of polyerystalline Armco iron have been 
compared at various temperatures. At the same time those factors 
which are considered to be a measure of the unpinning stress of locked 
dislocations have been studied. 


$2. ExPERIMENTAL METHOD 

The composition of the Armco iron used in these experiments was (wt.%) 
C Si S P Mn Ni 

0-03 0-005 0-03 o007 2° 0:03 
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The $in. diameter rod was cold swaged and drawn to 0-048 in. diameter 
with suitable intermediate vacuum anneals. A range of grain sizes was 
obtained by varying the extent of deformation prior to the final vacuum 


anneal. Grain size determinations, by an area count method, were made 
on samples from each batch of specimens. The grain sizes have been 
expressed in the form d—?, where 2d is the average grain diameter. Two 
f types of specimen were used : : ss 

(a) Full length anneal. These were 4-5in. lengths of wire which had 
been vacuum annealed at 800?c. For testing, the specimens were gripped 
in ball-ended pin-chucks so as to expose a 3in. gauge length. Deformation 
began by the initiation of a Lüders band at each grip, due to the stress 
concentration, so the values of upper yield stress are unreliable. “hus 
I these specimens were used to observe the temperature dependence of the 
lower yield stress (c,) the flow stress (or) and the yield extension. ‘The 
specimens from the two intermediate grain-sized batches were found the 
most suitable for all these determinations because the load during the yield 
extensions of these specimens at all temperatures used was virtually 
constant. The data obtained from the specimens of other grain sizes 
were less complete. At low temperatures the yield load of fine-grained 
specimens decreased during the yield extension and premature failure 
often occurred, while twininng was the initial mode of deformation observed 
with the coarse-grained specimens (Hutchison and Louat 1962). 

(b) Centre anneal. These batches of specimens (10in. long) were 
vacuum annealed so that the central regions (approx. 2in.) were heated 
to 800°C whilst the ends were maintained close to room temperature. 
With this type of specimen, in which a pair of Liiders bands are initiated 
near the centre of the annealed portion, the observed values of upper yield 
stress (cy) seem more valid (Hutchison 1957) than those obtained with the 


normal types of specimen in which stress concentrations occur at the grips 
or shoulders. 


To illustrate the necessity for special 
values of the upper yield stress a series of centre annealed specimens was 
bent around cylinders of various radii]. Except for the specimen bent 

le smallest radius, which had obviously yielded, there was no visible 
bend. The magnitude of the subsequently observed upper yield 
h wever, markedly reduced although no change was observed 


)- 


precautions when examining the 
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+ 1°c over a length of 3in. The tests were carried out using an Instron 
tensile testing machine at a cross-head speed of 0-02in./min. The tempera- 
ture dependences of the various quantities were determined by the compari- 
son of stress/strain curves separately determined at each testing 
temperature. 


Fig. 1 


-4 


STRESS P.S.I. x IO 


O Olin 
——— 


MACHINE EXTENSION 


Stress/strain curves of centre annealed specimens from the same batch with a 
normal variation in oy of +2%. Specimens (b)-(e) bent around 
cylinders of various radii. 

(a) As annealed. 


(b) Bent 15 in. radius. 

(3) 5 Wri, — No visible residual bend. 

@ oy GU, op 

(e) ES En Sharp yield occurred during bending. 


$3. EXPERIMENTAL OBSERVATIONS 


The temperature dependences of the lower yield and the flow stresses 
(at a strain which exceeded the yield extension at all testing temperatures) 
were determined from 293? to 78?x for the two sets of full length annealed 
specimens of intermediate grain size. A typical example is shown in 
fig. 2. These curves show a very similar strong dependence on temperature 
of the lower yield and flow stresses below a transition temperature of about 
200°K. At higher temperatures these curves diverge. A transition is 
also observed in the magnitude of the yield extensions with testing tempera- 
ture (fig. 3). There is a rapid increase as the temperature is lowered to 
about 210?x but below this temperature the yield extensions become 
approximately constant. This is most clearly seen for the results of the two 
intermediate ‘grain-sizes for which the values could be determined over 
the whole temperature range examined. 
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ation of the lower yield and flow stresses with temperature. (Full length 
anneal specimens d-1/2=7-] mm-1?) 
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| The dependence of the upper and lower yield stresses on the grain 
' diameter at three temperatures is shown in fig. 4. Both the upper and 
| lower yield stresses may be expressed (over the grain-size range examined) 
| as straight line functions of d~"?. The variations observed in the slopes 
| of these relationships with temperature is slight. 


Fig.4 


TWINNING 78*K 
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4 The variation of the upper and lower yield stresses with grain diameter at 


78°x, 173°K and 293°K. 


$4. Discussion - ; 
The lower yield stresses of the polyoryst 
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ng temperature (fig. 4). Thus we conclude 
that the upper yield and the flow stresses exhibit the same i we > 
e dependence as the lower yield stress in the range 100?x D 2 : 
WR E ions in the upper and lower yield stresses below 200°K could 
Aes aned in terms of the treatment by Cottrell and Bilby E 
this would hardly be applicable to the flow stresses where the solute-locking 
component would be small, if not completely absent. 

There is further evidence that the strength of solute locking does not 
vary significantly in this temperature range. Thus the variation in the 
magnitude of the yield drop (oy — oy,) with temperature for any grain size 
is small in comparison with the total change observed in the yield st: 
(fig. 4). Furthermore the yield extension becomes approximately consta 
at testing temperatures lower than 210°K (fig. 3). The interpretation of 
the yield extension as a measure of the strength of solute locking is usually 
only approximate (Cottrell 1958). In this case, however, at temperatures 
lower than 200?x, when the temperature dependences of the yield and flow 
stresses are similar, this measure should be relatively accurate. ‘Thus, 

i at least in the range 78°K to 200?x, both sets of data indicate that the 
li changes in the magnitude of the solute-locking component are small in 
ji comparison with the changes observed in the yield stresses. This would 
corroborate the suggestion that in this case the observed temperature 
dependence is not due to the breakaway of locked dislocations. 

The results collected by Conrad (1960) for irons of various purity also 
show a transition in the temperature dependences of the lower yield stresses 
atabout200^x. At lower temperatures the lower yield stresses of the less 
pure polycrystalline irons show a much greater temperature dependence 
than the higher purity materials. The iron used in the present work falls 
into the former category. Thus the marked temperature dependence 
of the yield and flow stresses of this material is probably associated with the 
| . . resistance to moving dislocations due to the solute. A similar conclusion 
has been reached in the case of copper—antimony alloys (Hutchison and 

a 1 ae ; e alloys also show a marked temperature dependence 
p. es e yield and flow stresses at low temperature which was attributed to 
the interaction of moving dislocations with solute. Although in the present 
case the solute concentration would be much lower, the interaction energy 
between dislocations and interstitial solute atoms is much greater than for 
substitutional atoms (Van Bueren 1960) so that a similar mechanism could 


stresses with changes m testi 


gnitude of the yield drop proved to be markedly dependent on 
diam ter (fig. 4). If the ey — d? and op — qi relationships 
t hey would intersect at positive values of grain diameter. 
nioa change Em a behaviour which is governed by the 
] 5 t | ic ls (Arm; og 1961). 


ee hee 
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This variation is of the same order of magnitude as that which has been 
observed in single crystals (Biggs 1960). 


§ 5. CONCLUSIONS 


1. The marked temperature dependence of the yield stresses of poly- 
crystalline Armco iron at low temperatures results mainly from the stress 
required to move dislocations which have been freed from their segregated 
atmospheres. 

2. The contribution to the yield stress by the breakaway of locked 
dislocations from their atmospheres of segregated impurity atoms is not 
very sensitive to changes in temperature at least in the range 78°K to 200°K. 

3. The interaction of the moving dislocations with solute is the probable 
reason for the marked dependence of yield and flow stresses on temperature. 
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ABSTRACT 


It is shown that the ground-state energy of interaction of a set of electron 
oscillators arrayed in an undisplaced lattice and interacting through dipole— 
dipole forces may be represented as a sum of effective interatomic pair 
potentials. In the limit of large spacing between an individual pair the free 
space Van der Waals 1/|X|* dependence on distance is proved to hold in 
, isotropic lattices, independently of density and couplingstrength. Applied to | 
} 
| 


solid argon the model predicts a reduction of the distant neighbour contri- i 
bution to the cohesive energy to about 95% of the free space value. | 


$1. INTRODUCTION 


THE question of how well the interatomic forces in crystals may be repre- 
sented as a sum of some form of two-body effective potential has no obvious 
| general answer. In this paper we attempt to provide a limited answer 
l for the very restricted model ofa Van der Waals crystal consisting of a set of 
| localized electronic oscillators interacting via dipole-dipole forces. Our 
argument depends upon the fact that for this special case the change in 
ground-state electronic energy due to the dipole interaction (for the oscil- 
l lators frozen in fixed positions) may be uniquely decomposed into a sum 
E of effective interatomic energies—which are in general dependent on the 
| configuration of all the atoms in the crystal. In the undistorted periodic 
lattice of oscillators this dependence simplifies so that only an explicit | 
dependence on the positions of a pair of oscillators at a time remains. l 
These properties follow from the form of the electronic Hamiltonian in 
the oscillator model : 


RENS 


| 
| 
` 


H= S a xi c em) 
Gm izj cT. 
where H? is the unperturbed Hamiltonian for the ath oscillator, Hi" is 
the dipole-dipole coupling, and f a dimensionless coupling parameter. 
The ground-state energy is given by 
Dipak VaR eye voe oss See Ne) 
where |.) is the electronic ground-state vector. By means of the well- 
known property+ of (1.2), 
PAD = PADE ZAPE» - oo. 03) 
^ izj 


f This follows directly from the variational minimum property of |\’,); 
Owever, such a derivation seems rather like getting something for nothing, - 
and a more direct derivation is given in Appendix TI. 


P.M. 
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j itchi :nteraction may be uniquely written 
the change in Fg on switching on the intera y q 


as a sum of two-body terms 
| “fo E 
| AB, 1 E(B [ PCIE) O48 


| 
:| 130 
Dt 

| 


In the periodic, undistorted lattice case, for large N (periodic boundary 
conditions), the only explicit dependence on lattice positions of (AB Giz 
is that of the distance between oscillators i and j. The general lattice 
force problem involves AZ, for the displaced lattice, but in this paper we 
confine ourselves to a calculation of the long-range part of the efective 
interatomic potential (AE); for the undisplaced lattice. This is 
achieved without an expansion in powers of f by making use of the relation 
i of the lattice force to the dielectric properties of the crystal. The existence 
| of such a relationship may, perhaps, be brought out by the following 
intuitive argument: it seems reasonable that the effect of W—2 electron 
oscillators on the interaction of a given pair, separated by a fairly large 
distance (compared to the lattice spacing), will be that of a highly dispersive 
dielectric medium. Using field theory language, one may say that the 
normal exchange of (mainly longitudinal) virtual photons leading to the 
Van der Waals force in free space, becomes modified by the presence of the 
intervening dielectric to an exchange of longitudinal and transverse 
electron-modified photons, i.e. plasmons and excitons. This general 
picture is borne out in the exact calculations made below, though the idea 
of considering the dynamics of individual pairs of oscillators coupled 
through a passive medium turns out to be too naive to describe the exact 
situation. 

The present approach is to be contrasted to the work of Bade and 
Kirkwood (1957) in which a calculation for total AE; (summing over all 
B. pairs) is made for a linear chain oscillator model by expanding the formula 


ABa(fo) - Zh {fier fo) — Tio, (0)), ER pe (155) 


where w,, are the normal mode frequencies for the electron oscillators, in 
owers of the parameter y—no (n the number density of the oscillators, 
the r static polarizability). The possible interest in the present work 
e ossibility of separating out distant neighbour effective potentials 

since at shorter distances repulsive terms must in any case be 
cent calculations of the thermodynamic properties of inert 
(Horton and Leech 1962) have suggested! that the distant 


3 Lem nd further neighbours) may not be adequately 
pi ex "aet s 


interatomic 
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One further point of interest which arises in connection with the present 
work is in relation to the problem of the relative stability of the hexagonal 
versus the cubic close-packed form for inert gas crystals (cf. Ayres and 
Tredgold 1956). As in the lattice vibration case (Barron and Domb 
1955), the electronic normal modes and dielectric properties are very 
sensitive to lattice anisotropy which shows up via the form of the local 
fields acting on the electronic oscillators, given for isotropic lattices by the 
Lorenz-Lorentz field. In the hexagonal case the dielectric becomes 
uniaxial in character, and this would be reflected in the form and strength 


of the effective Van der Waals potential. However, no quantitative 
estimate of this effect is presented here. 


$2. TuE EFFECTIVE IwTERATOMIC POTENTIAL IN THE OSCILLATOR 
Mopzn 
P 


In order to evaluate (1.4) we start from a Hamiltonian (1.1) where 
3 
Hg9- 230 E opp pe EMOA) 
l 


Here « represents the direction of vibration of the oscillator, displacement 


P,,[\/m, conjugate momentum T, 4/m (m the electron mass) and H° is 
quantized by setting 


We ERES li sus (OD) 


c is the frequency of the ith oscillator. (In practical cases, these will all 
be the same, but for the moment we do not impose this restriction.) For 
the oscillator model in dipole approximation one has 


Hy! = SPV Pig a Oe 
ap ap 


| and the usual non-retarded dipole-dipole interaction is represented by 


02 ll e: 
| 2 n) t yz E 
Je cm eae), Ec e Um 


where [X;[2|X;— X; With this definition, the parameter f in (1.1) 
becomes the oscillator Strength for the relevant atomie transition 
(cf: Heller and Marcus 1951). This Hamiltonian neglects retardation effects 
in the dipole-dipole coupling. These have been discussed by Casimir and 
Polder (1948) (see also Power and Zienau 1957), and become important 
at distances of the order of the characteristic wavelength 27c/wo, i.e. at 
least several hundred angstroms—-their contribution to the lattice binding 
3 is negligible}. (This assertion is made explicit in $3.) 

TR 

exeito 


adiation effects are vital in the discussion of real (as opposed. to virtual 
n propagation and are considered in this connection by Hopfield (1958). 


I2 
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132 
Í | Our evaluation of the effective interatomic potential (1.4) depends on 
i the simple character of the polarization Green functions in the oscillator 
| 


model. This function is defined by 
| a, —)= VoIP MPM? s 09 
i where J is the Tu ordering operator (defined for Bose s 
this case), and P(t) is the Heisenberg operator : 

FiP(t'),P(H}= P(t)P(0 for t >t 

d = P()P(t) for t «t 


tatistics in 


| P(t) = exp (iHt/h)P exp (—tHt/h), . . (2-6) 
i where H is the total Hamiltonian (1.1, 2.1, 2:3). 
i We may therefore write (1.4) in terms of the boundary value of G(/ — t) 
fo 
(AEg)i; — df $C. |P iT aP. j Wa? 
0 aß a «af B 
Jo 
=lim > fV jayt —t). oe ee HUE 
t-t aB J 0 «B «B 


zs The simple character of G(t' — t) arises from the closed form of its equation 
of motion: differentiating (2.5) one has (in what follows we absorb the 
polarization index, o, into the index i) 
Cr il) epee A : 
On making a Fourier transformation 
| Guns. [^ 
-0-g | 


doexp[ieo(t—t)]G(o) . . . (2.9) 
and introducing a matrix notation : 
QUA = Ve: 
GOY = (o), mr cT ORO) 
GJG» = Gip 
y solve (2.8) to give 


Gio) (oO). 


in (2.1 5) 
, for the 


i 
| 
i] 
| 
+ 


arcta pii MINAS heri iunt 


E] 
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response of the system. This relationship has been explored by Fano 
(1956). The present case differs slightly from that considered by him in 
that (a) we restrict to dipole approximation and (b) the space dependence 
of the dielectric response is rather important in the lattice case as it gives 
rise to local field effects. Rather than go into the general theory, we 
postpone further discussion of this property to $3, where the lattice case 
is dealt with in detail. 

There is no obvious connection between our formula (2.12) and the 
simple sum over normal mode zero-point energies (1.5), and we proceed 
to give a proof of their equivalence. The proof follows along the lines 
discovered by Sawada et al. (1957) in their analysis of the equivalence 
between the formula of Gell-Mann and Brueckner (1957) for the correlation 
energy of an electron gas in the high density limit (analogous to our formula 
(2.12)) and the results of the plasma oscillation model. In fact, with the 
approximations used in this limit, the plasma problem can be reduced to 
that of a system of coupled oscillators, as was demonstrated by Wentzel 
(1957). However, the plasma work has a number of special features which 
tend to confuse the issue for our purposes, and we repeat the proof here in a 
form suited to the present problem. The total change in ground-state 
energy (1.4) due to the interaction is given by 


x 


* fo 00) 
AHQ=§> (AES | df — dw Trace {V (o?— Q? —f77)-3. (2.13) 
ü 0 dmi J o 

The factor } appears since the sum over pairs i, j is unrestricted. We 
now introduce a complete set of states |e,(f)) which diagonalize the 


Hamiltonian, in this representation 


(Q+ fY^)le, CF)? = omn FeS) 3 x z (2.14) 

w,,(f) are, then, the exact normal mode frequencies of the coupled system, 

as in (1.5). The resolvent (2.11) may be represented in terms of the |e,, ), 

using the Feynman prescription obtained by introducing the small 

imaginary displacement ie at the poles. This prescription follows from 

the 7 -product definition as for the unperturbed boson Green function, 

since we have now diagonalized the Hamiltonian. In these terms, (2.13) 
may be written | 

So Ti ife. (en|Y^ em?) 
(ese Gh Sm Nae eee (2.115) 
ee e 


m Om? 3. ie) 
and the Feynman prescription selects the positive frequency poles giving 
h fo lemt PA lem( f)> D) 16 
Ic S m 
The proof is completed by letting f—f 4- 6f in (2.14) with the accompany - 
ing variations : 
Then Om Fm + Wm Of, ? len = len ) a of Gm » where Om’ m) dwrn] of. ? 


Sf (Y = 2, 0,5 )|e,, Y= 8f (Om? — (F^ + 2?) 9m )- (2.17) 
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| Hence multiplying on the left by lenl 
A ay Feng ps i OR OS 
2wm 
i -. substituting (2.18) in (2.16) ER 
JL | -° Owm 
| AE.— Y -| =., Sea A 
e a 


which completes the proof. 


| $3. THE LONG-RANGE LIMIT or THE EFFECTIVE INTERATOMIC PorzsTIAL 
FOR THE UNDISPLACED LATTICE 

In the case that the electron oscillators of our model are situated at 
undisplaced periodic lattice points, the eigenvalue problem (2.14) becomes 
explicitly soluble in terms of periodic normal modes. For this case the 
quantum number » of (2.14) is made up of a combination of wave number 
k and a polarization index A, and the eigenvectors have components 

{i,o|kKA) =p, a exp (ik: X;)/ VN, . . . . . (3.1) 

where X; are now periodic lattice points, u, ,“ is a unit polarization vector 
and N is thenumber of atoms in a periodicity box (taking periodie boundary 
conditions). 

Specializing now to a degenerate system for which w? =wọ for all i, 
(2.14) becomes i 


CE ER 3 ; i 
cc a o n m N E > PATEE T 99) 


Ii B=1 Lj af 

where 7^; is the interaction V,, (2.4) for |X;| referred to the origin. The 
right-hand side of (3.2) multiplied by exp (ik - X;) represents the electric 
field at lattice point i resulting from a lattice of dipole of magnitude 
proportional to (3.1). In the long wave limit (3.2) may be evaluated by 
the well-known methods of classical dielectric theory, and we use these 
results below (Born and Huang 1954, pp. 248-255). For general k, the 
lattice sums may in principle be evaluated (using Ewald's theta-transfor- 
mation for instance)—Heller and Marcus (1951) have given the leading 
correction to the static value. 

- In terms of (3.1) the polarization Green function (2.11) becomes 


SE ; h  exp[ik:(X;—X;,)] ky k 
CAD eeu E Kar MBA j 
BEES —— — s o — 09 


|2) and performing the contour Integral the effective 
al becomes 


exp [tk : (X; X;)] I Pork Wp 
hh Por Mpa 
N $ df, : 


| 
| 
x 
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We now show (with the help of a proof given in the appendix) that for 
an isotropic crystal in the limit of large |X;;| the latter potential also varies 
as 1/|X,,|5, with a coefficient that depends on the density of the crystal. 
In this way the free space 1/ [X [6 is shown also to hold in isotropic crystals. 

This dependence of (3.4) in the limit of large |X;| results from the 
behaviour of the Fourier coefficients for small k. For the limit of |k|>0 
the right-hand side of (3.2) is generally made up of a longitudinal part and 
a k-independent local field part. From (3.2) and (2.4), and using standard 
dielectric theory, we have 


: ; Lk: X;) — (4mne? f/p a 1 
lim 3%, (3, B|I;A) = SPO gut L9 use) E 
m 2, uJ »Blk,A) VN x 1 m ko, kegttga 3 Qe (3.5) 


Here n is the number density of the atoms and Qp is a local field tensor. 
In the case of lattices with tetrahedral symmetry it is isotropic (Born and 
Huang 1954, p. 398) and we have normalized it to unity. For hexagonal 
lattices the tensor has been evaluated by Mueller (1936). 

In the isotropic case (Q,5—8,,) the [k|+0 solutions of (3.2) have their 
polarization vector respectively parallel (A= 3) and perpendicular (A= 1, 2) 
tok. The eigenvalues are 


m E 5 (m) 
Gy a? = Wo? — 3o, 

where wp?=4rne?/m. The kth Fourier component of the Green function 
(3.3) becomes 


i bd ONE 
im G = Ln —————s——B B x. . (34 
a Culo) 2r Ni f= +2 fep? — e)? it 3n w — 3 fep? — e? — ie ca 


The close relation of (3.7) to the dielectric response function may be 
brought out by re-writing the longitudinal component of the Green function 


(3.7) as 
; ^ h l 1 
n ALAO Ni lx (= 1). ss (88) 

Jor | (wo? — w?) 
1—3 fwp*|(w = o?) 
is the usual Lorenz—Lorentz dielectric constant formula. Thus it may be 
seen from (3.6) and (3.9) that the long-wave normal mode frequencies 
occur at either the zero (longitudinal mode) of the dielectric function or 
at the pole (transverse mode), and we may identify the longitudinal mode as 
the plasma mode, and the transverse modes as the exciton modes of the 
electron system. 

Actually, if radiation terms are included correctly, the exciton mode 
frequencies satisfy (Fano 1956) 


Ck? = we(w), eS eee (3.10) 
so that our solution corresponds to the limit ck>w. Thus provided we 


consider distances 27/k small compared with the characteristic ultra-violet 
wavelength for real excitons (while keeping k small compared with the 


e(w)=14 (3.9) 
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inverse lattice vector in order to justify 


effects is reasonable. i . i 
Turning to the effective potential (3.4) we show in the appendix that for 


sufficiently large |X;| (keeping the above restriction in mind) the |X| 
dependence of the Fourier integral is dominated by the |k[>0 dependence 
of the integrand. Thus for large |X| we replace the c , in (3.4) by their 


|k|>0 values, (3.6). Then noting that 
een aes cs CAN) 


(3.5)) the neglect of radiation 


(3.4) becomes (via (3.3), (3.7)) 
iw fpi b gra 1 
~ AR = AR = (^ .12 
aer 27 i opas] 4f5 (= 1 2; js 


(IX;jllrge) «8 — «B 0 £ 
where 
w 3 w a 
'}= lim pe Ec. . (M 
O,) — jkjo (Pk, 


Here the delta function, which appears for |X; — X;| — 0, is eliminated by 
Y ;=0 for i=j. This result is to be compared with the free-space result 
for a single pair of oscillators, easily derived from the zero point energy 


(Hirschfelder et al. 1954, p. 960) which has the value 
Oxy fl i NB. th 
IN CAP S le os c E 
EU (Mg) a 2 pm 2 |X] c) 
Ec Inserting the solutions (3.6) in (3.12) and performing the integration over 


b an 


zx 2/N2 ó 
a lim (AE Jh AB joe = 12 wo 3c — w RAT [ 
E large X44] Belg (Ag) : Ca Wo E o) 
Re-writing (3.15) in terms of the static polarizability 
X GET). = ee 
3 (40)€2) - Baez 13x28) 
we have 
E: lim (AEg);/(AE,) fre = : PESSIMA es HA end ee (3.17) 


Xil X 
ut x0 (Le. n0) the right-hand side of (3.17) which measures 
ening effect does indeed tend to unity, so that the free- 
density this expression, 
r slowly varying 
7 in the fi 
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Plot of inverse screening coefficient against dielectric constant. 


(3.17) in powers of x in the region of interest. 

In applying these conclusions to real crystals it must be remembered 
that (3.15) is only valid at distances large compared to the lattice spacing, 
and the results would be modified at shorter distances. It also seems likely 

| that the dielectric modification of restoring forces in a displaced lattice 
i 4 may be more important than that of the cohesive force for the undisplaced 
q case since local fields will be a sensitive function of the displacement of 
| 
| 


H 

| 

| probably due to the slow convergence of a perturbational expansion of 
| 

| 


a lattice atom. 
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APPENDIX I Es 
PROOF or THE 1/|X|* DEPENDENCE OF THE EFFECTIVE POTENTIAL FOR 
ISOTROPIC CRYSTALS 


We prove that the effective potential, given as a Fourier integral in 
(3.4), may be approximated, for large |X|, by considering only contributions 
from the k->0 part of the integral. This property depends, essentially, on 
there being no freak divergence of the Green function (3.3) which would 
allow the interatomic interactions to propagate in a more persistent 
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way than that resulting in the usual Van der Waals potential. The 
possibility of such divergences is accentuated by the long-range character 
of the dipole-dipole interaction. 

First of all, we prove that the eigenfrequencies and vectors of (3.2) 
are continuous functions of Q, — (0,, 4,,) and have bounded derivatives on 
the unit sphere (except possibly at the points cos p= + 1): expanding 
the right-hand side of (3.2) in spherical harmonics we have 


Vp ap 
: eut. "es "72 
LY ,exp(—ik.Xj)— (&,5— X25) Fart Y rO E d e 
j& aB j m >si 
(A 1) 


where X; — X;,/|X;|,O; are the angles of the jth lattice vector, Y;" are 
normalized spherical harmonics, jj(z)— x A Jap (2) are the spherical 


Bessel functions. The coefficient of Y/"(O,) in (A1) is bounded by a 


constant times 
EE (XG) am RUZ) 
ar o m DUE oe. AD 
i X Ji T'(1|2 4- 3/2) e) 

Hence (A1) converges uniformly on the unit sphere (except possibly at 
cos 0, — + 1) and its derivative with respect to Q, is bounded. 

| We may also impose the physical requirement that the eigenfrequencies 
should be bounded below (c, » 0 for |k|> 0) since failure of this condition 
Ko imply breakdown of the localized atomic model. (In fact w,40 
soat |k|=0 forthe plasma system (3.6) with fixedatoms.) Let the Fourier 
transform factor in (3.4) be denoted by 


W(X) = | DKW,,(5,0,) exp (ik X) — Y | dèk exp (ik - X) Í É df BEN. 

à 0 SM 3) 

ee the continuity of the eigenvalue equation coefficients and 
oun edness of their derivatives on the unit sphere we may expand 
Waglk,) in spherical harmonics, and the coefficients in the expansion 
; tainly he bounded uniformly in 7 and & (from A 2). Before making 
ion, however, one must eliminate the delta function contribution 

J os | (cf. (3.12), since this leads to divergence of (A3) in |k]. 
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Since the (W,,(k))/" are bounded uniformally in J, she coefficient of Yy” 
in (A.6) is bounded by a constant times 
Daan la/s  T(i/2) 
dkj (kX) = — -— 
l 154)- FF TOA) 
Hence for any given ky, by an extension of a theorem of Titchmarsh 
(Titehmarsh 1937, p.172) 


—0 as Loo. TOS CAS 


| dx Wap a Jı(z)>0 uniformly in J as X— oo, . (A8) 
ŒX) Xj 


so that as X— co, (A6) may be approximated with arbitrary accuracy 
by integrating only over the &>0 part of the wave number spectrum, 
as in (3.12). 


APPENDIX II 
ALTERNATIVE PROOF or FORMULA (1.3)f 
Starting from 


E, -lim — slow (Iv [xp(-8H))  . . . (A23) 
Bo 
differentiate with respect to f. Using the contour representation 
J 1 
p « — = — f BXS — 4 L————————— 2.2 
Tr [exp (—BH)]= = LT gi) T run (A2.2) 


where C is a contour encircling the eigenvalues of H, the denominator may 
be expanded in a power series in f. By means of the identity 


a (ea) cm) a D) mu) 
(A.2.3) 


which follows by cyclic permutation under the trace, (1.3) follows after a 
partial integration with respect to ¢. 
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| ABSTRACT 


X-ray diffraction patterns havo been obtained from liquid tin under good 
experimental conditions with particular emphasis on obtaining clean, oxide- 
free surfaces. The patterns show that a considerable degree of structure 

"r$ exists in the melt in contrast with simple liquids such as molten N. a, K, Cu 
and Au. 

Analysis by a radial distribution method shows that there are two dis- 

tances of atomic separation in the melt. The first is clearly defined as 3-27 4. 
| The second is about 2-7 å, so that the near distance of closest approach of 
grey tin is re-established in the liquid. 
The picture of liquid tin which emerges is one of tetrahedra of grey tin 
4 floating in a matrix of metallic tin, with possibly, interchange of atoms 
| between the two states. It is not possible to put an exact figure to the 
relative proportions of atoms in the two states, other than those in the grey 
tin state, represent between 5 and 20% of the whole. 


| $1. INTRODUCTION 


| THE existence of large atomic groupings in liquid tin just above its melting preda 
| point has been postulated to account for anomalous changes in some 

i physical properties with temperature. Many viscosity determinations have 

| been made, with conflicting results. Of seven recent determinations (Esser 

| et al. 1934, Gebhardt et al. 1952, Yao and Kondic 1952-53, Culpin 1957, 

| Jones and Davies 1957-58, Cavalier 1958, Toye and Jones 1958), the 

majority show the normal exponential dependence on temperature. In 

two cases, however (Yao and Kondic 1952-53, Jones and Davies 1957-58), 

abnormally high values of viscosity have been reported indicating the 

presence of structure in the liquid. The size of the clusters has been 

estimated at 20 atoms (MeLaughlin and Ubbelohde 1960). An examina- is 
tion of the changes in specific heat and volume on melting (Bartenev 1950) 

has led to the interpretation that atomic groupings of 1500 atoms exist in 

the liquid. 


t Formerly Bi : - 
y Birkbeck College, now at Japan Atomic Ener Authorit 
Toka-Mura, Naka-Gun, Ibaraki-Ken, Japan. gy Authority, 


2 i Now at Brunel College of Technology, Acton, London. 
x S pomy Birkbeck College, now at Cornell University, Ithaca, New York 
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Several other physical properties have been examined through the solid- | 

| to-liquid transition. The changes in density, which decreases on melting , 
| (Bornemann and Siebe 1922), and electrical conductivity, which is reduced j 
to approximately one-half of the value of the crystalline solid (Roll and | 

| Motz 1957), are similar to those observed in simple metals. Measurements | 
| of nuclear magnetic resonance (Knight et al. 1959) and optical reflectivity | 
| (Hodgson 1961) indicate that there is no abrupt change in the electronic | 
structure on melting but that the liquid appears as a direct extension of the | 
| solid state. The thermal conductivity of tin (Pashaev 1961) shows a sharp 
decrease on melting. As the temperature is raised further the conduct- 

ivity continues to decrease, to about 300°c, and then increases above this 

temperature. The interpretation advanced is that the interatomic bonds | 

| of the solid state persist in the liquid, gradually breaking down with g 
increasing temperature so that the liquid becomes more monatomic in 

character. : i 

Within the liquid range, the work of Roll and Motz (1957) shows a linear ar 

dependence on temperature, up to 1200°c, while that of Gorayaga (1956) | 

shows a change of slope at 520°c, implying a major structural alteration at | 

this temperature. Measurements of surface tension (Melford and Hoar 

3 1957), density (Bornemann and Siebe 1922) and the velocity of sound 
(Gordon 1959) do not provide evidence for the existence of large molecular 
groupings, nor for an abrupt change in structure within the liquid range. i 
The coefficient of self-diffusion (Careri 1955) shows a non-linear dependence 
l 


on temperature. This has been attributed to the presence of molecular 
complexes which persist to temperatures well above the melting point. 
The published diffraction patterns for liquid tin show a subsidiary 
maximum on the high angle side of the first peak of the intensity 
pattern (Gammertsfelder 1941, Hendus 1947, Danilov 1952, Bublik 1957, Ü 
Skrishevskii 1957, Richter and Steeb 1958, Winkler 1961). This effect, if i 
real, indicates the persistence of structure in liquid tin in contrast with the | 
"simple ' liquids of elements such as sodium and potassium. Accordingly 
it was decided to re-determine diffraction patterns for liquid tin under good 


experimenta] conditions, paying particular attention to the condition of 
the liquid metal surface. 


§ 2. EXPERIMENTAL 
2.1. Apparatus 


as bee . described in detail in a previous paper 
a see atur əs, with a few additional details, 
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| effected by placing a Gieger counter to receive reflections from a 0-0005in. 
r aluminium foil placed at right angles to the path of the main beam. Both 
j the monitoring and receiving Geigers are halogen-quenched, with mica 

| cad windows. From each Geiger the counts are fed to scalers and a timing 
| unit operating in the counts-controlled condition. The Bragg-Brentano 
focusing condition is maintained so that the absorption correction is 

constant throughout. The precision of angular setting is five minutes 
| ofarc. Fora Bragg angle, 0, of 12°[(sin 0)/À= 0-135] the area of the liquid 
| metal surface irradiated is 0-7 cm wide by 2-3 cm long. 


2.1.2. Camera 

| The body of the camera is constructed from 18/8/1 stainless steel. The 
region of the x-ray window is water-cooled, thus permitting the use of a 
cellophane window. The graphite crucible and furnace are mounted on a 


=. table and adjustments can be made to bring the liquid metal surface onto 
d the axis of the diffractometer, in the centre of the apparatus. 

| Fig. 1 
4 

| 

i 

| 

TO CAMERA 


Hydrogen purification train. 1, high purity hydrogen; 2, rubber bladder to 
even. flow rate; 3, bubbler to indicate flow rate; 4, catalytic purifier; 
5, magnesium perchlorate; 6, phosphorous pentoxide; Us platinized 
asbestos at 400?c. 


Temperature is measured by a 0-005 in. diameter chromel—alumel thermo- 
couple connected to a potentiometer and a Tinsley d.c. amplifier with a 
moving chart for continuous recording. The current to the furnace is 
controlled by a Variac from the output of a constant -voltage transformer 
A reducing atmosphere of purified hydrogen is used to maintain an oxid ; 
free liquid metal surface. Details of the gas purification train are sho = 
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schematically infig. 1. To minimize cooling of the liquid metal surface the 
hydrogen is pre-heated by passing it through a copper coil under the 
furnace. This, and the use of radiation shields, ensure that the surface 


Intensity ley 
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temperature is not substantially different from that of the bulk liquid. 
With a slow flow of hydrogen it is possible to maintain the gas temperature 
within + 2-5?c of the nominal value. 


2.2. Operating Procedure 


Spectroscopically pure tin supplied by Johnson Matthey was used. 
Before introduction into the camera the tin was melted and its free surface 
skimmed to remove excess dross and oxide. The camera and the hydrogen 
purification train were evacuated to a pressure of 107mm Hg. Hydrogen 
was then allowed to flow through the system for about one hour before the 
tin was melted. It was necessary to heat the liquid tin above 500°c to 
reduce the surface oxide. Once a clean surface had been obtained it could 
be maintained for several hours. 

Counts were recorded at intervals of 15’ of arc in the region of the main 
peak (including the subsidiary maximum), at 30' intervals on its fringes, 
and at one degree intervals elsewhere. To obtain high precision at large 
angles, where the intensity is small, five periods of monitor-controlled 
counts were taken compared with two or three for the region of the main 
peak. 

The liquid metal surface was checked for oxide or solid particles (see 
$2.3) before obtaining a diffraction pattern. All observed intensities were 
corrected for lost counts, in both the monitor and receiving counters, back- 
ground, and for the polarization occurring at the monochromator and 
surface of the specimen (Klug and Alexander 1954). At values of (sin 6)/A . 
less than 0-10, the observed intensity was extrapolated smoothly to zero 
(fig. 2 (A)). 

2.3. Liquid Metal Surfaces 


Stannous oxide, if present on the liquid tin surface, could be readily 
detected by its (110) diffraction line occurring at (sin 0)/A— 0-186 (Jenkins 
1934). Solid particles could be detected in a similar manner. Before the 
introduction of the hydrogen pre-heater diffraction peaks from crystalline ^ 
tin were always observed just above the melting point. By careful 
measurement through the melting point it was possible to obtain simult- 
aneously solidification and the extinction of the liquid pattern at a recorded 
temperature of 232°c, implying that the surface temperature was very elose 
to that within the material. 

It is interesting to note that under certain conditions the liquid eould be 
supercooled by 11*c with diffraction lines from solid particles superimposed 
on the liquid pattern. 


$3. RESULTS 


3.1. Intensity Patterns 


Intensity patterns were obtained at 232, 245, 300, 400 and 495°C (fig. 2). 
The positions of the intensity peaks, and those obtained by other workers, 
are given in table 1. The position of the main peak varied but little with 


P.M. 
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temperature, from a value of (sin 0)/A of 0-178 at 232?c to 017 7 at 495°c, 
and its intensity decreased with increasing temperature to give a broadened 
peak. The subsidiary maximum occurred at a value of (sin 0)/A, equal to 
0-24, and became less noticeable at higher temperatures due to broadening 


of the main peak. 


3.2. Analysis of Intensity Patterns 


3.2.1. Calculation of the radial distribution function 


At a distance r from any atom taken as origin, the number of atoms per 
unit volume p(r) can be obtained from the intensity pattern by means of 
the following equation (Gingrich 1943) : 


~ 
[2 
— 


Amt?p(r) = &mr?pg + 2t | i si(s) sin rs ds, 
7T Jo 
where s=4n(sin6)/A and i(s)=J(s)/f?(s)—1. I(s) is the x-ray intensity 


duly corrected, and expressed in electron units, f(s) the atomic scattering 
factor for tin and py the mean atomic density. 


Table 1. Intensity patterns for liquid tin 


Peak position (sin 0)/A 


Reference 
Subsidiary t 
Ist SHAS: 2nd 3rd 
0:178 0-24: 0:34 0:50 
E 0-177 0:24. 0:34 0-49 
This work 0:177 0:24. 0-34 0-50 
0-177 0:24 0:34. 0:49 


0:177 0-24. 


ey 
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Fig. 3 


Radial distribution function for liquid tin. B’, 232°o wi idi 
S » 4902 vith 1 
mur removed as shown on intensity pattern, fig. DRS De. 
, 2490; D, 300%; E, 40070; F, 49590; E^ 495*0 with subsidii d 
maximum removed as shown on intensity pattern, fig. 2 (R^) um 


K2 
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was assumed that the atomic 


implify programming it : 
pup p i of 0 is given by the expression 


specimen. > 
P particular value 


| scattering factor at any 
| (Vand et al. 1957): rite: 
f=Aexp (— asin? 0) +B exp (—b sin" 0), ; 
where A, B, a and b are constants for the element under investigation. 
(For tin A = 33:29, B=16-71, a=0-4320, b = 8-430.) ; The coherent scatter- 
ing Ze (s) is given byf” (s) and the incoherent scattering J;(s) approximately 
by Z — f*(5)/Z, where Z is the atomic number (James 1948). i 

X-ray intensities could not be recorded for values of 0 below 7 and 80 
the intensity curve was extrapolated smoothly to zero. Intensities for 
this region were taken from the curve at intervals of 1°. These and the 
observed counts were used to compute the radial distribution function 
| from 0 to 104 in steps of 0-14. 


3.2.2. Curve matching 
if Two methods have been used to convert the observed counts into 
|| electron units : 


i 

| i (a) The total scattering coherent and incoherent, and the observed 
i intensities were matched together at the ten largest values of (sin 0)/A and a 
mean scaling factor determined. At these angles the observed scattering 
still has traces of interference effects and thus exact matching was not 
possible. "The success of this method is shown in fig. 3 where the radial 
distribution functions obtained are relatively free from spurious ripples. 


(b) The other method (Krogh-Moe 1956) employs all the observed 
scattering data and is thus more satisfactory when there are high-angle 
interference effects. This method assumes that there is no small-angle 
scattering (which is implied by the use of eqn. (1)), and no overlap of the 
electron shells. This latter effect has been shown to be small if it does occur. 

The scaling factor ais given by 


Eu | o SDCHIGP(G))ds 
= ce S e EQ 
| "5 PIG) ds 
The symbols are as defined above, $m is the maximum value of s available 


. . andis determined by tlle design of the diffractometer. 
B) 
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the first peak positions shows good agreement. However, the area under 
this peak is not defined in à unique manner so direct comparison of the 
coordination is not possible. In the present work the areas have been 
calculated by three methods : 

(a) The right-hand side of the first peak is made symmetrical with the 
left. This method minimizes any contribution from atoms in other 
i coordination shells. 

(b) The area is given by 


i Ta 
| 4m?p(r) dr, 
Ti 


| where r, and r, define the limits of the first peak. For tin at 232°c thess are 
2-6 À and 3:8 A respectively (fig. 3 (B)). 

(c) The area is taken as that under the first peak when the right-hand 
side of the curve is extrapolated to the abscissa. 


3.2.4. Errors 
In view of the importance attached to interatomic distances derived 
from the radial distribution function the accuracy of the method is 
discussed below. 
Insufficient accuracy in the x-ray intensity measurements leads to errors 
in the radial distribution curve, often in the form of spurious ripples of 
constant periodicity. These result mainly from an error at a discrete 
angular position in the diffraction pattern, or from termination of the 
diffraction pattern at a finite angle. They can be detected readily since 

; the ripples extend to low values of r where their presence can have no 
physical significance. A large error occurring in the intensity pattern at se 
corresponding to a Bragg angle be appears in the radial distribution curve as 
a ripple of periodicity 27/se with the first peak at r=7/2se (Klug and 
Alexander 1954). 


ed for expressing the separation, P, of these ripples from the 
n terms of sm which corresponds to Om the maximum Bragg 
( intensities were recorded : f 


57/255 (Morimoto 1958). 
+ Qm[285. - : 
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an expression for the height of the ghost ripples 
occurring in the rp(r) curve due to a finite termination of intensity data 
at Sm. It is assumed that the curve is a gaussian function of the form 
y= exp ( —a?/48?), where v is measured from a vertical axis through the 
centre ofthe main peak. The factor Bis obtained from the total width of the 
| curve at half height (3:338) ; the heights of the ghost ripples are then given 
| by texp (—sm76?). Assuming that this method of analysis can be extended 
without serious error to radial distribution curves of the form 477°p(r), then 
| the calculated height of the ripples in the present work is 1% of that of the 
i main peak. The value observed experimentally is 4%, indicating that 
small errors which are difficult to locate, since the corresponding peaks in 
the radial distribution curve are ill-defined, may still remain in the intensity 


pattern. 


: Morimoto derived 


Fig. 4 
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Difference between radial distribution functi i 
ice ! i ction calculated with and without 
subsidiary maximum on the intensity pattern at 232?c, fig. 2 (B, B’). 


3.2.5. The subsidiary maximum 


i of a ' subsidiary ' maximum on the high angle side of the 

D Í aE O Ha Bret pattern has already been noted. Its contri- 
ore al distribution curve is not very pronounced but the effect 

y comparing the curv 
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its main features result from an atomic separation in the liquid of about 
3:3 A, while the subsidiary shoulder can be associated with a close distance 
of approach of 2-654. If the main peak of the intensity pattern is made 
symmetrical (fig. 2 (B")) a similar result is obtained but setting an upper 
limit of 2-754 to the close interatomic distance occurring in the liquid. 

‘This method of recording the main peak of the intensity pattern is too 
arbitrary at high temperatures since the peak is broadened by increased 
thermal motion and the subsidiary shoulder is masked (fig. 2 (F) and (E")). 
1n any case the analysis is not rigorous since the influence of a short distance 
occurring in the melt is not restricted to a localized region in the intensity 
pattern as has been assumed. Despite these limitations the method is 
useful in showing that the subsidiary shoulder in the intensity pattern of 
liquid tin just above its melting point, is associated with a special short 
distance of close approach of about 2-7 A. 


§ 4. Discussion 


The x-ray intensity patterns of liquid tin show more detail than those 
of simple liquids. While there is no evidence for the existence in the melt 
of very large structural units, the shoulder on the high-angle side of the 
main intensity peak indicates that a certain degree of structure is present 
in liquid tin in contrast to the atomic packing of ‘simple’ liquids such as 
those of Na, K, Cu and Au. Radial distribution curves corresponding to 
232°c show that there are at least two distances of atomic separation in 
liquid tin. The first is clearly defined as 3:27 À. The second depends on 
the allocation of areas in the intensity patterns, the range of possible values 
being from 2-65 to 2:754. The 3-27 distance predominates, the ratio being 
19: Lifthesecond distance be taken as 2-65 å, or 4 : 1 at the extreme of 2-75 A. 

Tt is interesting to compare these distances with those of the crystalline 
forms of tin. The ‘grey’ form of tin is stable below ~ 13*c and crystallizes 
in the A4 diamond structure. Each atom has four near neighbours at a 
distance of 2:80 Å, forming a regular tetrahedron. Above 13°c—‘ white’ 
tin—the structure is A5 body-centred tetragonal. The tetrahedra are 
compressed in one direction and elongated along the other two axes so that 
each atom has four neighbours at 3-02 A and two at 3-174. 

Tt has been proposed that white tin can be regarded as a partially ionized 
structure (Hume-Rothery and Raynor 1956). It has also been suggested 
that 25% of the atoms in white tin have electronic states corresponding to 
those of grey tin; the remainder corresponding to the metallic state 
(Pauling 1960). 

Measurements of nuclear magnetic resonance (Knight et al. 1959) and 
optical reflectivity (Hodgson 1961) show that the electronic states of liquid 
tin are similar to those of white tin. Itis thus postulated that the distances 
of closest approach in the liquid are associated with the presence of tetra- 
hedra. The magnitude of the distances indicates that the tetrahedra are 


those of grey tin. Thus the picture of liquid tin that emerges is one of - 
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tetrahedra of grey tin floating in a matrix of metallic tin; with continuous 
interchange of atoms between the two states. 
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CORRESPONDENCE 
The Hall Effect in a Liquid Alloy 


By N. E. Cusack and P. W. KENDALL 
Birkbeck College, London, W.C.1 


[Received 10 October 1962, and in revised form 25 October 1962] 


Dvaixo the last two years information has been accumulating about the 
electronic properties of pure liquid metals. One recent generalization, 
concerning the Hall effect, is that, whatever the Hall coefficient, E, of the 
1 solid may be, it changes on melting to the “free electron value" viz. — 1/n |e |, 

where » is the number of free electrons per cubic centimetre calculated 
Í from the valency and density. This has been demonstrated for about 
| twelve metals with valencies from one to five (Cusack and Kendall 1961, 
l Wilson 1962, Tièche (private communication), Endo and Takeuchi 1961, 
| Cusack et al. 1962, Enderby (private communication), and is supported 
| by comparable observations of optical properties (Hodgson 1961, 1962). 
These data, which will be discussed in detail elsewhere, contain the 


l following values for pure Hg and In. 
| 
| Metal Mercury Indium 
| n | e | Ross. 0:97 0:96 |100| 1-14 1-05 0:98 |1-01| 0-79 
l Exp. error (%) 4 5 1:6 |10 5 5 2.6 9 
| Observer CQ. & K.| Y.T. |A.G. | E.G. W.| J. E. E. | E. & T. |A. G.| E.G. W. 
| The purpose of this letter is to report that this rule cannot be applied to 
| liquid alloys even when the pure components do obey it. We have 
measured the Hall coefficient in the liquid Hg-In system about 40°c above m 


the liquidus with the results shown in the figure. The free electron curve is 
calculated from the observed density and the assumption that Hg and In 
atoms provide two and three free electrons each respectively. The 
observations were made relative to pure Hg, i.e. the containing cells were 
filled successively with the alloys and pure Hg and the Hall coefficients 
measured under identical conditions. The alloy values were then calcu- 
lated assuming the free electron value for Hg, a procedure which was 
considered justified by a critical examination of the available work on He. 
The interpretation of the results even in pure metals is a matter of con- 
5 siderable difficulty. In solids, a sufficient isotropy in electron behaviour 
(spherical Fermi surface, relaxation time independent of the direction of the 
wave-vector) secures a free electron Hall coefficient and, in li 
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presumably sufficient isotropy exists when the mean free path of electrons 
greatly exceeds the range of local structural order. The importance of 
considering the relation between the m.f.p. and the range of order has been 
elucidated by Edwards (1962). Indeed, Edwards (1962) and Ziman (1961) 
have presented detailed discussions which suggest that free electron 
behaviour is not out of the question theoretically for monovalent liquids. 
In polyvalent ones, the m.f.p. may be as small as a few interatomic 
spacings and there is as yet no firm theoretical basis for expecting a free 
electron Hall coefficient; however, since one actually occurs, we shall 
assume that the m.f.p. is long enough compared with the range of order 
for the liquid to appear isotropic to the electron. 


-80 rec 


H 


—50 


lO 20 


30 40 50 60 70 80 90 10 
ATOMIC */ OF INDIUM 


The Eure Hall coefficient, Ry, of the liquid Hg-In alloy system. Note: 
the Pie onents were at room temperature. Although pure In 
annot be measured at room temperature it is reasonable to continue the 


^ t A DA i i Y 1 
ns ix 2 100% In because in metals Ry is almost independent of tem- 
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arrangement. (This could be true even if the m.f.p. in the alloy happened to 
be somewhat longer than in the pure metal—which actually occurs for 
weak concentrations of In in Hg.) In this case, the Hall coefficient would 
have to be calculated for any local asymmetrical region and then averaged 
over the possible local arrangements to compare with the observed result. 

Even if the departure of the Hall coefficient from the free electron value 
can be explained on these lines, it is not clear that the direction of the 
departure must be the same for 5% of A in B and of Bin A. This is so in 
tig-Ín but other systems may show N-shaped or v-shaped curves of Hall 
efficient versus composition. However, so far as we know no other 
ems have yet been investigated at various compositions. Amongst 
kali metals, m.f.p.'s are considerably longer than elsewhere and it may 
turn out that even alloying will not cause a departure from the free electron 
value. One observation (Kikoin and Fakidow 1931) on the Na-K eutectic 
agrees with this but is unfortunately of dubious accuracy. 

A fuller account of the electronic properties of the liquid Hg-In system 
will be published elsewhere. 
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Acoustic Amplification in Semiconductors and Metals 


By A. B. PIPPARD 
Cavendish Laboratory, Cambridge, England 


[Received 30 October 1962] | 


Tux phenomenon of acoustic amplification when an electric current is 
passed through a semiconducting (or less practically a metallic) sample 
parallel to the direction of wave propagation has been observed experiment- 
| ally (Tutson etal. 1961) and theoretically studied (Spector 1962) by classical 
. (Boltzmann equation) methods. Tt is suggested here that the process may 
[ k be more readily appreciated by regarding it quantally as stimulated emission 
of phonons. It is worth emphasizing that the Boltzmann treatment and 
the quantal treatment of the attenuation of ultrasonic waves when no 
current flows give the same result, and that the arguments presented here 
show that we are concerned with a maser process which can be compre- 
hended just as fully in terms of a classical bunching process having analogies 
with travelling-wave amplifiers. Consider for simplicity a free electron 
| gas in which the relaxation time is constant, and so long that for almost all 
electrons ql> 1, q being the acoustic wave number and / the electronic free 
path. The absorption of a phonon by an electron of wavenumber k (>q) 
| can conserve energy and wavenumber only if the electronic velocity has a 
| component v, equal to vs, the velocity of sound, in the direction of sound 
i 


i A E T I EAEE 


propagation, which is taken as the v-axis. There is thus a plane ýk „= mo,, 

- the ‘interaction surface ’, defining the electrons capable of interacting with 
the wave, and the interaction may be pictured as involving two electron 
states lying near the plane, differing by q. Now as well as phonon absorp- 
tion (represented by a vector >) there may also occur stimulated emission 
(«-)f, and both processes have equal probability apart from a factor 
fi(1—fo), where fı 2 axe the occupation numbers of initial and final states. 
As the figure (a) shows, if the electron gas is in equilibrium so that i 
decreases steadily with increase of |k |, the absorption processes are more 
frequent than emission processes, and there is a net attenuation of the wave. 
But if the distribution is shifted bodily in the direction of q by passing a 
current, the occupation number has symmetry about 0’, decreasing steadily 
with increase of | k' |, and if O' lies to the right of the plane emission is more 
likely than absorption and the wave will be amplified. The current is 
simply a device for inverting the population at those points where inter- 
action can occur, and the sample acts as a maser for phonons. Clearly the 


T We may ignore spontaneous emission if the 


acoustic wave has an amplit 
much greater than the thermally excited phonons of the same ea a 


P.M. 
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ng O' onto the plane, so that for amplification 


critical current is such as to bri 
it is necessary that the electronic drift velocity be greater than v,, as has 
been shown classically. The magnitude of the amplification (negative 


attenuation) may be written conveniently in terms of the attenuation 
constant a(0) when no current ispassed. Obviously ify<k,, the attenuation 
is a linear function of the displacement, so that the attenuation when the 


field is E takes the form 
o(E) — o(0)(1 — E, |E.) where E, =q.E/qand £,= moler. (1) 


ual unm k-space, showing phonon absorption processes 
TEBE nuu Ne 
Ren oy a mieuno ntn aal state, k,, by a broken 
there is no current, in (d) the distribution 
current. The int ce is indicated 


n — 
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over the interaction surface of C(0f[0k.), in which C(k,) represents the 
coupling between an electron and the wave. 

(b) Ifglis not very large, exact wavenumber conservation is not necessary 
and interaction takes place over an extended region of k-space more or less 
symmetrically disposed about the interaction surface. One expects the 
condition for zero attenuation to be the vanishing of a suitably weighted 
average of C(df/0k,,) over the extended region. For not too small gl 
this is likely to mean the same criterion as in (a), and indeed Weinreich 
(1956) reached this conclusion even when gl<1. It is probable that at this 
extreme it is easier to understand the physical procesess by means of 
classical arguments. 

(c) If there are both electrons and holes present, since the sign of E. 
depends on the sign of the charge, the attenuation is enhanced for one and 
diminished for the other when the current is produced by an electric field 
(but see (f)), so that the current density at which the attenuation becomes 
zero need not be simply related to the velocity of sound unless one group 
of carriers dominates. We may generalize (1) for a number of bands by 
assuming each band to give its independent contribution : 


a(E)- S AO ELE p n 


so that when a(E) —0, E, = $ o(0)/* (o0)/E..;). 


(d) For amplification to occur it is necessary that the electrons on the 
surface v, =, shall be coupled to the acoustic wave. This is so for longi- 
tudinal waves, but not for transverse waves in a free electron gas, since the 
equilibrium electron distribution is not disturbed by shear. In real mater- 
ials, however, there will normally be a deformation of the equilibrium by 
shear which will serve to couple transverse waves. This point has already 
been made by Spector (1962). Whatever the wave type, the magnitude 
of the amplification is governed by the zero-field attenuation, and the 
significance of the piezoelectric property of CdS in which the effect has been 
clearly demonstrated is probably no more than that it couples the carriers 
strongly to lattice deformations and leads to high zero-field attenuation 
even though the number of carriers is small. One has every reason to 
believe from Esaki's experiments, which are discussed in (f), that amplifica- 
tion could also be achieved in bismuth, another substance with a large 
deformation potential. But unless the deformation potential is exception- 
ally large one can only expect substantial amplification when the number of 
carriers is large, and this will involve prohibitively high current densities. 

(e) In a longitudinal magnetic field a degenerate free electron gas having 
gl»1 might be expected to show very interesting effects, for when H takes 
such values that the interaction plane coincides with the limit of occupation 
of the quantized de Haas—van Alphen levels the electron-phonon coupling 
is very strong (Gurevich et al. 1961). According to the magnitude of the 
current there may be sharp increases in either attenuation or amplification, 
and these should be periodic in H-!. The effect will not be so well marked 


L2 
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whose energy surfaces are not cylindrically symmetrical about 


in materials : mm i ' 
I for the interaction surface will not be flat and will not coincide simultane 
x 


ously with the limit of occupation of à given energy i Eom always = 
on a plane normal to H. There should still remain an e ect, however, n 
to those regions of the interaction surface which are tangential to the limit o 
occupation. Ifthe energy surfaces are ellipsoidal, due toa constant Hase 
mass tensor, the interaction surface is a plane not in general normal to q; 
when H is normal to this plane the giant resonances should be observed. 
In general the best orientation of H to produce strong amplification will be 
normal to the ‘mean plane’ of the interaction surface. B 
(f) Esaki (1962) has observed a striking conductivity anomaly in bismuth 
when crossed electric and magnetic fields are such as to cause a sideways 
drift of electrons and holes at a velocity E,/H,» v, His discussion runs 
along lines similar to those given here, but he does not stress the importance 
ofan inverted population in allowing coherent energy transfer from electrons 
toacoustic waves. Inthe absence of collisions the energy levels of electrons 
in crossed fields may be represented in k-space by orbits arounc which the 
electrons move, the orbits for free electrons being plane sections of spheres 
centred on the point &, —mE,|lH,. Because of the electric field the energy 
of a given orbit depends on the y-coordinate of its mean position in real 
space as well as on its size in k-space. But although a given orbit may have 
a different energy when differently centred, its population will be indepen- 
dent of the position of the centre, since the electron density is uniform, and 
we need assume nothing further than that the population density decreases 
as the orbit sizeincreases. When an electron makes the transition Ak = —q 
it shifts from one orbit to another without changing position in real space, 
so that its potential energy is unaltered, while if its k-vector lies close to the 
interaction surface the kinetic energy decreases so as to conserve energy and 
momentum, exactly as if no magnetic field were present. The decrease of 
total energy is achieved, if Oʻ is to the right of the interaction surface, by a 
shift to a larger orbit, of higher mean kinetic energy and lower population, 
but whose centre is shifted by fig/eH, so that the mean potential energy is 
reduced. The condition for amplification to occur is exactly the same as 
when there is no magnetic field. When the shift is produced by crossed 
elds electrons and holes are moved in the same direction, so that in con- 
(c) both tend to help amplification if the current is rightly directed. 
the phenomena discussed the average attenuation of oppositely 
Voves Eq 18 positive if the linear law (2) is obeyed, and equal to 
ttenuation. Itis difficult to see how a standing wave can be 
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efficient if it is not to annul the quite moderate amplification of the acoustic 
wave, and it must be admitted that the nature of the observed oscillation 
remains obscure. If further work should verify that the power is wholly 
pumped into a low-frequency oscillation, it must mean that the extraneous 
losses associated with non-electronic acoustic damping and inefficiency 
of the link are smallest, in comparison with the acoustic amplification, at 
the lowest frequencies. For under these circumstances, as the electric 

field is raised the loop gain will exceed unity first for the low frequencies, 

and the lowest frequency oscillation already present by virtue of thermal 

excitation will be amplified to the exclusion of all competitors. 

(h) As the maser action proceeds in the crossed fields experiments, elec- 
trons are transferred down the wire and raised to higher orbits at the 
same time. Thus the electron gas is heated, and ultimately the amplifi- 
cation will be reduced ; this non-linear behaviour will limit the amplitude of 
the oscillations and the current due to electron transfer, and the saturation 
value of the current is readily seen to be proportional to the excess ampli- 
fication which must be removed by non-linearity. This accounts for the 
linear form of Esaki’s current-voltage relation above the critical field Hc. 
At the same time it is noteworthy that the Schubnikoy oscillations of 
resistance with magnetic field, which are clearly observed for fields less 
than Fe, disappear when Fe is exceeded. The origin of these oscillations 
in the variable density of states at the Fermi surface leads one to expect 
the maser efficiency also to oscillate with H, but if the temperature of the 
electron gas is high the oscillations will be smeared out by thermal 


excitation. 
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Stacking Faults in Zinc Sulphide 


By L. T. CHADDERTON, A. G. FITZGERALD and A. D. YOFFE 
Physics and Chemistry of Solids, Cavendish Laboratory, Cambridge 


[Received 5 November 1962, and in final form 5 December 1962] 


I: the course of a study of the effects of extreme environments on non- 
metallic erystals the wurtzite modification of zine sulphide has been 


exa 


ined. The results which have been obtained may be considered to 
fall into two groups: one concerned with the effects of pressure, temper- 
ature and irradiation, and the other with the observations of defects in the 
untreated material. This communication is concerned with the detection 
of stacking disorders by transmission electron microscopy, and with the 
relation which these defects bear to the striations which are observed in the 
optical microscope (Hartmann 1962, Ehrenberg and Hidden 1962, 
Merz 1960). 

The crystals were in the form of platelets less than 1000 À thick and these 
were grown from zine sulphide vapour at a temperature of 1200?c in an 
atmosphere of argon, where the gas flow rate was 0-7 litre/min. The zinc 
sulphide used was Levy West chlorine-free luminescent-grade powder. 

When the crystals were examined in a Siemens Elmiskop I electron 
microscope operated at 80 kv it was found from electron diffraction patterns 
that the c axis lies perpendicular to the electron beam and that the crystals 
are plate-like, parallel to (2 1.0). Striations were observed to cross the 
erystals from one edge to the other (fig. L). Similar features have been seen 
in an electron microscope study by Amelinckx et al. (1953 a, b) using the 
replica technique, and are of importance in connection with the electro- 
luminescent (Goldberg 1961) and photoelectric properties of zine sulphide 
(Merz 1960). These evidently represent defects which lie on planes 
perpendicular to the c axis ((00.1) planes). A tilting of the crystals about 
an axis perpendicular to the beam revealed fringe effects which may 
be interpreted as being due to diffraction contrast (Whelan and Hirsch 
1957 a, b) at changes in the stacking sequence. One such change has been 
suggested by Mitchell and Corey (1954), who point out that preparation 
conditions often favour an intergrowth of the zine blende (sphalerite) with 
the hexagonal modification (wurtzite). They describe this as an ** oriented 
polymorphic twin overgrowth”. Although it is possible that a simpler 
stacking defect is occurring, this phenomenon is considered to be quite 

likely since hexagonal zine sulphide is thermodynamically unstable with 
respect to the cubic polymorph at room temperature. The close packing 
of atoms in a binary crystal such as zinc sulphide can be accomplished i 
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. AB' BC' CA' AB' BC' ...this 
two ways. If the stacking sequence is. | 
NS close packing ; if it is . . AB’ BA’ AB’ BA’ ... then hexagonal 


close packing is obtained. 


Fig. 1 


re two possible locations for glide ponei in the basal planes in the 


ure; these are between A and B 
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| 
| 
AB is the glide vector of the undissociated dislocation and is the shortest 
vector from one atom (say the zinc atom) to the next crystallographically 
j equivalent zinc atom in the c plane. Assuming that stacking faults occur 
| on type I glide planes then stacking faults can be described as faults in the 
| 
i 
| 
| 


\ Fig. 2 
| A Zn c | 
i da B S | 
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Diagram illustrating stacking sequence of zinc and sulphur atoms in a wurtzite 
erystal containing an intergrowth of the sphalerite polymorph. 


stacking of zinc-sulphur ‘sandwiches’. Due to the tetrahedral bonding the 
c zinc-sulphur atoms on either side of type II glide planes occupy the same 
geometrical position in the c plane, that is the zinc atom is at A’ and the. 
sulphur atom at A. The zinc-sulphur sandwich can be conside d 3 
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unit of atoms which can be at A, B or C. There are then four basic 
stacking faults which can occur (Read 1953). These are : 


(a) Slip 
A Zn-S sandwich in the A position goes to the B position, BC and C>A. 
In the slipped area the stacking order becomes... ABABA*CBCBC..., 
where * denotes the slip plane. Here four Zn-S sandwiches are in the 
sphalerite sequence BACB, that is B'BA'AC'CB'B. 


Fig. 3 


Transmission elect i 
ission ron micrograph of an orthogonally i i i 
due to stacking faults ui uu e = 


1 EET 
ic Domain. Gurukul 
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(b) Removal of a Basal Plane—With Offset 
If a Zn-S sandwich in the B position is removed, and then after the gap 
A— B.C, then the stacking sequence is... AB AB A* B C BC BC... where 
three Zn-S sandwiches are in the sphalerite stacking sequence ABC. 


(c) Inserting a Basal Plane—No Offset 


Here a Zn-S sandwich in the C position is inserted between a sandwich 
in the A position and the adjoining sandwich in the B position where the 
latter are removed apart without offset. The stacking order becomes 
... ABABABC AB AB ..., which has five Zn-S sandwiches in the 
sphalerite stacking order. 


Fig. 4 


Diffraction pattern showing the streaking which is normally attributed to 
: stacking faults. 


l (d) Inserting a Basal Plane—With Offset 


i Here again a C sandwich is inserted and all planes after the inserted 
plane are given an offset so that A>B->C and the stacking sequence of ZnS 
sandwiches is ... AB ABC*BC BC ... where * marks the offset just after E 
the inserted sandwich in the C position. ic 

s These stacking faults do not contain more than five Zn-& sandwiches in 
the f.c.c. sequence, that is ten atomic layers. Therefore since the striations 
which are observed have sharp contrast and varying width, 50 À to 150 A, 
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it may be concluded that thicker defects are present. Such a defect is 
represented in fig. 2, though in practice the sphalerite stacking sequence 
of Zn-S sandwiches extends over a considerably larger distance. This may 
be considered as an arrangement of many simple faults which leads to a 
sphalerite intergrowth wide enough to give rise to the contrast observed. 
The zinc and sulphur layers of atoms in wurtzite lie on (00.1) planes. At 
the first change of stacking arrangement the hexagonal c-axis becomes the 
sphalerite trigonal (111) axis and conversely at the final change when the 
crystal reverts to the hexagonal modification. 


Fig. 5 
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1 orthogonally intersecting fringe patterns which lay parallel and per- 
] pendicular to the c axis (fig. 3). Some of the patterns formed closed 
| surfaces 5, while others followed irregular paths parallel and perpendicular 
to the c axis until they terminated abruptly on either the crystal edge or on 
the associated (00.1) striation. Striations were not observed to end on 
dislocations although the presence of dislocations at a corner cannot be 
excluded. Dislocations and dislocation networks have been seen only 
l occasionally in this study, and when they do occur they are not associated 
with either the striations or the fringe systems. It seems reasonable to 
conclude that the fringes perpendicular to the c axis are due to stacking 
| *»ults in the basal plane, and that those which lie parallel to the c axis 
| represent faults produced during growth on (11.0) and (12.0) planes (at 
| $o the crystal surface). These planes also contain the displacement 
| vector Ac. In fig. 3 clear evidence that these stacking faults lie on two 
a equally inclined planes in the opposite sense is readily obtained from the 
f contrast where fringes intersect orthogonally and also from observations on 
i 
| 


the effect of tilting on the contrast from numerous closed fault surfaces 
such as S. Diffraction patterns (fig. 4) taken from areas similar to that 
shown in fig. 3 show a streaking of the spots in the c direction. This is 
normal in crystals containing stacking faults. Itshould be noted, however, 
that none of the diffraction patterns obtained so far shows any evidence for 
the cubic phase. Thus if the faults on the basal planes are ‘ polymorphic 
twins’ then the width of each region must be very small. 

| Occasional moiré patterns have been observed in overlapping crystals 
(fig. 5). If one of the crystals contains a closed fault surface S (fig. 3), the 
fringes are displaced (fig. 5) (Bassett et al. 1958). 
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REVIEWS OF BOOKS 


The Physics of Rainclouds. By N. H. Furrcuer. (Cambridge: University 
Press, 1962.) [Pp. 386.] Price £3 5s. 0d. 


isive research in the laboratory and in the field, using new techniques of 

measurement from aircraft and by radar and stimulated by prospects of 

modifying the weather, has increased so considerably that the author of this 
excellent statement of the present (ca. 1960) state of the subject has had to omit 
several subjects, e.g. thunderstorm electricity and severely curtail others, e.g. 
the use of radar measurements. Nevertheless, he has succeeded extremely 
well in his stated objects, that of producing an up-to-date introduction to cloud 
(micro) physics for physicists and meteorologists new to the subject. The 
subjects discussed in turn are the water phase, e.g. condensation, condensation 
nuclei and the microstructure and development of rain from non-freezing 
clouds: the ice phase, nucleation and ice nuclei, the growth of ice crystals and 
rain from sub-freezing clouds: and finally artificial modification of clouds 
including techniques and results of known experiments. All the processes 
involved are dealt with thoroughly and in considerable detail assuming only 
an elementary knowledge of physical chemistry and crystallography as starting 
points. 

The author is at the University of New England, N.S.W., and has been 
intimately associated with the work of the Radio-Physics Division of C.S.I.R.O., 
Australia, which has contributed so much to modern knowledge on these 
subjects. His discussion is to a great extent conducted against this background 
and his many references to Australian papers and ideas will be of very consider- 
able interest to those who are not thoroughly familiar with their work. In 
particular his treatment of Bowen's Meteor Shower hypothesis and. also of the 
Australian large-scale seeding experiments is excellent. 

The coverage of work in other parts of the world, although adequate, is not 
so complete and it is a little disappointing that there are no references to any 
work less than about two years old. 

The emphasis throughout is on microphysical processes, which of course take 
place in a setting determined by the macrophysics and dynamical situation of 
the atmosphere at the time. Following the plan of a rather similar book The 
Physics of Clouds (Oxford, 1957) by Dr. B. J. Mason, an attempt has been made 
to provide this background in an introductory chapter which has been written 
by Dr. P. Squires. The difficulty about this approach is that it is inherently 
too restricted (the dynamics of convection clouds for example which are of 
particular interest to the Australian work are well covered but those of fronts 
tropical storms, ete. which also produce rainfall are hardly mentioned) and 
probably meterologists will be disappointed and physicists somewhat misled 
by it. The dynamics of clouds and their macrophysics can hardly be covered 
in this way and merit at least several chapters if the intention is for the reader 

to obtain anything more than a very selective and sketchy background 

The book is excellently produced and only a few small mistakes were noted 
It is thoroughly recommended both as an introduction and also as a reference 


book. R. J. Mureatroyp 
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Acoustic Measurements of the Electronic Structure 
of Zinc and Cadmium 


By D. F. Grggons and L. M. Farrcovt 
Bell Telephone Laboratories, Incorporated, Murray Hill, New Jersey 


[Received 30 July 1962] 


ABSTRACT 


Measurements have been made on both zinc and cadmium of the variation 
of the attenuation of acoustic waves (frequencies 20-150 Mc Sec-1) with 
temperature and magnetic field strength. The data can be divided into two 
regions. First, when qi<1, where g is the acoustic wave vector and J the 
mean free path of the conduction electrons. Here average parameters such 
as 7, the relaxation time and vp, the Fermi velocity, were calculated from 
the data and compared with independent measurements in order to test the 
validity of the theories of the acoustic attenuation. Second, the region 
ql71. In this region the geometrical resonances were observed and in 
ie addition de Haas-Schubnikov type oscillations were also observed when the 
magnetic field was greater than approximately 40 koe. These two types of 

measurements allowed us to calculate the ‘caliper’ dimensions, ke, of the 

Fermi surface in a given direction and the extremal cross-sectional areas of 

the Fermi surface perpendicular to the magnetic field respectively. These 

data are assigned to particular sections of a free electron surface. In the case 

of zine the distortions from the free electron model are discussed and these are 
]: compared with an existing band calculation. No such band calculation exists 
for cadmium; however, our data suggest that the horizontal arms of the 
“monster ’ are pinched off, i.e. the X level is depressed below the Fermi energy. 
The data which corroborate these conclusions are discussed. 


$1. INTRODUCTION 


Iw the last five years or so, rapid progress has been made in the experimental 

methods which are available for obtaining information about the electronic 

i structure of metals. It has been established, at least within experimental 

EX accuracy, that there is a constant energy surface, the Fe-mi surface, which 
3 at T=0°x separates the occupied from the unoccupied electron states in 
k-space. A review of these methods has been made by Pippard (1960 a); 
the book The Fermi Surface (J. Wiley & Sons, 1960, New York) Contain 
more detailed contributions on this subject. All of these techniques 
with the possible exception of the de Haas—va ; 
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j Permanent address: Institute for the Study of Met University of 
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L of the conduction electrons shall be long 
: . the wavelength, A, for 


the skin 


he mean free path, 
h some experimental parameter, e.g 
acoustic geometrical resonance Or 
depth, 8, for anomalous skin effect. At low tem peratures, ene the thermal 
been reduced to a minimum, the important scattering 
tities and so in order to minimize this contribution 
it is necessary to use extremely pure materials. The introduction of the 
concept of zone refining (Pfann 1958) as a technique for purifying metals 
has played an important role in making these measurements practical. 

Because of these experimental advances there has been renewed activity 
in the calculation of detailed band structures in order to interpret this new 
information. In addition, an increased understanding of electron-electron 
interactions has made possible more accurate determinations of the band 
structure by already known computational techniques (Reitz 1955, 
Herman 1958), in particular the orthogonalized-plane-wave method 
(OPW) (Woodruff 1957). Aluminium (Heine 1957), magnesium (Falicov 
1962), copper (Segal 1962) and zinc (Harrison 1962) are metals for which 
a detailed calculation now exists. At the present time the results, both 
experimental and theoretical, appear to confirm that the shape of the actual 
Fermi surface is in general a recognizable distortion of the one given by the 
| free electron model. This fact appears to be true even for the divalent 
metals where the first band is almost full and the deviations from the free 
electron model may have been expected to be greatest. 

The aim of this paper is to describe information about the band structure 
of zine and cadmium which has been obtained from magneto-acoustic 
Measurements (Morse 1959, Gibbons 1959). Acoustic measurements of 
the parameters describing the conduction electrons fall into two distinct 
regions. First, when gi « 1, where q is the sound wave vector 27/A, it is 
possible to obtain information about the electron relaxation time, 7, and 
the effective number of electrons per atom, Nert- Second, when gl» 1 it is 
possible to measure cross-sectional dimensions of the Fermi surface in a 
given direction in k-space, these dimensions are not necessarily extremal ; 
also in high magnetic fields it is possible to obtain de Haas-Schubnikov 
.. type oscillations (Gibbons 1961) which measure the extremal areas of the 
“emi surface perpendicular to the applied magnetic field. It has not 
: possible to obtain acoustic cyclotron resonances (Roberts 1961) in 
> metals even at the maximum fre 


require that t 
compared wit 
| cyclotron resonances, and 


scattering has 
mechanism is with impu 
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were used, with any further increase in the number of passes no observable 
increase in purity was found. The residual resistance ratio (RRR) 
(Rz... Raog) was used as a measure of the purity. The starting material 
had an RRR of approximately 7000 and at the end of eight passes was 
24000 and 35000 for zinc and cadmium respectively. Single crystals 
were then grown from this zone-refined material in graphite crucibles 

in vacuo by the Bridgeman technique. All specimens were cut from these 

crystals with an acid saw (Maddin and Asher 1950). The specimens were 

approximately 8-10 mm thick and 15 mm square and the top and bottom 

faces made parallel by polishing on a cotton cloth with nitric acid, no 

abrasive was used. In this manner it was possible to produce specimens 

with the minimum amount of damage. Three specimen orientations 

were used, the normal to the parallel surfaces being one of the three 

principal directions for the hexagonal system, namely (0001), (1010) 

or (1120). 

The experimental arrangement has been described previously (Gibbons 
1959). An Arenberg 650 PG pulsed oscillator was used for most of this 
work and so the maximum frequency was 150 Mesec-. In order to 
utilize to the fullest extent the resolving power of the apparatus it was 
adapted to record the information on an X-Y recorder. A block diagram 
of this part of the apparatus is shown in fig. 1(a). The output from the 
last stage of the detection system (an i.f. amplifier) is fed into a gated 
amplifier, fig. 1 (b). The gated amplifier is biased to cut-off, until a delayed 
sweep pulse is received from the +A output sweep of the oscilloscope. 
By altering the delay time, t, and the sweep width, W, this pulse can be 
made to coincide with any desired reflection, fig. 1 (c). This low-frequency 
pulse is passed through an integrating circuit and the resulting d.c. voltage 
fed into the Y input of the Moseley recorder. The magnetic field is detected 
by an indium antimonide Hall probe, the output of this probe can then be 
directly fed into the X axis output. The sensitivity of this arrangement 
was 0-2dB[em on the Y axis and 0-1 em/oe on the X axis. The Hall field 
probe was continuously calibrated against a rotating coil probe, which 
is an inherently linear device; this probe was in turn checked at the end 
of each run against an N.M.R. probe using the H,O proton resonance. 
The accuracy in the determination of the magnetic field from the X axis 
of the recorder was +0:50e. In the experiments on the de Haas- 
Sehubnikov type oscillations, the magnetic field was produced by a 
Bitter type solenoid magnet and the field strength recorded by the voltage 
drop across a small section of the bus-bar supplying the magnet. 

The quartz transducers used throughout the Investigation had a 
fundamental frequency of 20 Me sect and were bonded to the crystals 
with a d.c. 200 silicone fluid. This bond was found to be the most reliable 
and did not crack on cooling to 4:2°K. 


{ This amplifier was originally designed b 
Telephone Laboratories, and we would lil 
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$3. EXPERIMENTAL RESULTS AND Discussion 
3.1. Region gl « 1 

At the present time the main effort in acoustic measurements is being | 
placed in the determination of the extremal dimensions of the Fermi | 
E surface when the relationship qi» 1 is fulfilled. In principle the regime | 
| qi< 1 can be used to extract useful data on the properties of the conduction 
i electrons and as little has been done to test in any rigorous manner the | 
theory in this region we will examine it first. Throughout the paper we 


i D. F. Gibbons and L. M. Falicov on the | 
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first vector denotes the polarization and the second denotes the magnetic 
field direction, e.g. (i, k) is a longitudinal wave in a transverse field, 
(j, k) is a transverse wave in a transverse field normal to both q and «. 


Fig. 2 


ATTENUATION IN DB CM7! 


[6] 


-1 9 
CONDUCTIVITY, MHO CM X10 


(0) 5 10 15 20 25 30 
TEMPERATURE IN DEGREES KELVIN 


The attenuation as a function of temperature for (a) a longitudinal wave 
propagated along a «1010» (the right-hand scale shows the change in 
conduetivity over the same temperature range), (b) a shear wave 
propagated in «0001» and polarized in the «1010». 


Figure 2(a) shows the attenuation of acoustic wave as a function of 
temperature for a longitudinal wave propagated in the (1010). The 
points A are values of the electrical conductivity] measured on the same 


{A description of the technique and results of the el 


properties are given in the Appendix. cctticall manspont 
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measurements at 12°%%. It can be seen that there is excellent agreement 
between the variation of attenuation and conductivity with temperature. 
This is the behaviour that was predicted by the simple viscosity arguments 
of Mason (1955) ang which is confirmed by more rigorous treatments, 
e.g. Pippard (1960b). Filson (1959) made a somewhat similar analysis | 
on polycrystalline tin and aluminium at lower frequencies (0:5 Moesec-?) ; | 
| however, in Filson’s measurements dislocation damping was still appre- 
| ciable at the temperature of measurement. A comparison of fig. 2 (a) | 
d with fig. 12 shows that the onset of attenuation due to interaction with | 
| the conduction electrons coincides with the increase in the electron mobility 
n over that of the holes, thus changing the sign of the Hall voltage. | 
For shear waves propagated along the c axis, the attenuation cid not | 
increase at low temperatures, fig. 2 (b), but decreased continuously down 

| | to the lowest temperature available in our apparatus, l-1?k. That there 
| was some contribution to the attenuation from the conduction electrons 
at temperatures below 15°K was evidenced by the fact that a further 
decrease in attenuation could be obtained by applying a transverse 
magnetic field. This unusual behaviour occurs only for this particular 
direction and mode of propagation. The higher attenuation for this 
mode is consonant with the observations of Waterman (1958); at room 
temperature the increased attenuation for this particular mode of propa- 
gation was explained by the interaction of the acoustic strain field with 
dislocations. For both zinc and cadmium, the basal plane is the slip 
plane whieh has the lowest critical resolved shear stress. Figure 2 (b) 
Indicates that, as might be expected, the attenuation due to dislocations 
M ey activated process and that if the acoustic field strain is 
ee T E: p the dislocations, they can make a contribution 
con he 05 1E oe e unumal behaviour 
rate than the increase d oe » ae ae rud 
di CRM e interaction with the conduction 
f io») ae Filson (1959) have used the predicted constant of 
as y between conductivity and attenuation to measure the 
ve number of conduction electrons, Nepp. 
at his is likely 
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Figure 3 shows the relative change in attenuation due to the conduction 
electrons as a function of magnetic field strength, in the region gl <i. 
Steinberg (1958) solved the Boltzmann transport equation for these con- 
ditions and showed that ratio a(H)/o(0) should decrease as 1/H?; the 
actual expressions are a(H)/o(0)=1/(1+4w,¢27?) for (j, k) and 1/(1 +77”) 
for (j, j), where wc is the cyclotron frequency, eH [m* c, and eis the electronic 
charge, m* the effective mass, 7 the relaxation time and c the velocity of 
light. Physically the explanation is that for a magnetic field perpendicular 
to the wave vector, g, of the acoustic wave the Lorentz force on the 
electrons will be directed so as to decrease the projection of the mean free 
path J on the wave vector. Thus, the effect of the magnetic field will be to 
make gler; smaller and thereby decrease the attenuation. Morse (1959) 


Fig. 3 


Sth) /X 0) 


a IN KILO - vERSTESS 


The relative change in attenuation of a shear wave (q «1010» and «w <0001>) 
versus magnetic field strength for the orientations (j,j) and (j, k). 
Frequency 10-3 Mc sec-! at 7' —9?x. 


used the relationships to determine 7 for copper assuming the free electron 
mass. However, he had no other measurements on the sample with which 
to compare his data. The data shown in fig. 3 indeed show that the relative 
attenuation in the magnetic field does fall as H-? and if we assume a free 
electron mass we obtain for the relaxation time at 9°x, 7— 7 x 10-1! sec. 
If, as was assumed in the Appendix, we are allowed to neglect the hole 
mobility compared to that of the electrons at this temperature, so that we 
can assume the simple expressions for the conductivity and Hall voltage, 
the transport data give a value 7— 1-1 x 10—sec at 9?x. The degree of 
agreement can be considered reasonably good for a measurement of a 
relaxation time. Tf corrections were made for the fact that a hole mobility 
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| may not be entirely negligible and that the average m* may be greater} 
than m, the free electron mass, the two values would be brought closer 
together. 
As either the temperature is decreased or the frequency increased 80 that 
| ql 1, and before geometrical resonances appear, the relative positions of 
the (j, k) and (j, j) curves interchange. The (j, k) orientation exhibits 
| far less change in attenuation with field. This can be explained if it is 
recognized that open orbits can exist in the c direction (Cohen and Falicov 
| 1961), and that these orbits will become important as / becomes large. 
| Thus with the geometry (j, k), i.e. the magnetic field is perpendicular to 
| the c axis, the effect of the magnetic field in reducing the effective mean 
free path will be minimized. However, when the magnetic field is parallel 
| to the direction of open orbits, (j, j), they will make no contribution to 
the magnetoacoustic attenuation. 


3.2. Region gl» 1 

Two distinct types of experimental observation were made in this 
region. First, the geometrical resonances (Pippard 1957) in which the 
period of the oscillations, in 1/H, is proportional to the acoustic wavelength, 
A. This period A(1/H) can be used directly to calculate an extremal 
caliper dimension ke (Harrison 1960a) of the Fermi surface in a direction 
mutually perpendicular to both g and H. As the magnetic field is 
increased the last oscillation will occur when d, the diameter of the 
e eleotron orbit in the magnetic field, becomes less than A. Observations 
of this type of geometric resonance in zinc have been reported by Gibbons 
(1959) and Galkin and Korolyuk (1960). The former were preliminary 
measurements and the latter were made on less pure material (RRR, 
5x 10°) and their resonances were not always completely resolved even 
at 220 Mesec-!. Second, the de Haas-Schubnikov type oscillations in 
which the period in 1/H is independent of the acoustic wavelength. The 
oscillations in the attenuation are here the result of changes in the density 
of states of the conduction electrons as the Landau levels pass through 


equency of 20 Mcsec- only one mode of propagation showed a 
loped Series of geometrical resonances at helium temperatures, 
ns hear mode, with w parallel to the c axis. This observation is 
tor crystals of both zine and cadmium of the purity used in this 
a All other modes of propagation showed either traces of 
NOR ne or oue cit This would indieate that the carriers 
E i to well-developed oscillations 

tior time, 7, ke. greatest gl. By 
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Fig. 5 


Fig. 4. Recorder tracing of geometrical resonances from cadmium. Longi- 


tudinal wave q «1010» and the magnetic field in the «10T 


20° from «1120». Frequency 102-2 Me sec-!. 


Fig. 5. Recorder tracing of geometrical resonances from zinc. 
wave (q <1120>) and the magnetic field in the «119 


from «0001». Frequency 147 Mc sec—. 
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higher harmonics, except those modes of propagation with q along the 
c axis. This would indicate that there is a spread of approximately one 
order of magnitude in the relaxation times for the sections of the Fermi 
surface which we have observed. One reason why no oscillations were 
observed for longitudinal waves propagated along the c axis is that the 
attenuation was so large, ~40dB/cm, that the signal level was too low for 
accurate measurements. Galkin and Korolyuk (1960) did observe oscilla- 
tions for this orientation, a possible explanation for this is that their purity 
was less and so their overall attenuation was proportionally lower. 
Figures 4 and 5 show typical recorder traces taken of the variation of 
attenuation with increasing magnetic field strength, for cadmium and 
zinc respectively. In each case beats can be observed; the component 
periods were analysed in the usual manner. For some orientations cf 
magnetic field in cadmium more than two periods were observed to be 
beating together. Due to the difficulties in determining three or more 
periods when they beat together, it was found that only regions where 
two oscillations are present could be satisfactorily analysed. This was 
indeed possible because in general two of the periods terminated at 
approximately 120 oe and before the other periods were well established. 
This circumstance can occur because the caliper of the orbit in real space 
de= 2hcke/eH, of one set of orbits became less than A, before the amplitude 
of the oscillations from the other set of carriers became appreciable. 
The aceuracy with which these periods can be determined is reduced, 
however, because the number of beats which can be observed is small. 
Tables land 2 summarize the observed values of ke, for various directions 
m zine and cadmium respectively (values obtained when more than two 
periods Were beating are marked with an asterisk). The values of ke 
recorded in these tables were obtained from the period, A(1/H), by means 


of the relationship ke =eh/hicA(1/H)+ (Pippard 1957), the symbols have 
their usual meaning. 


According to the theor 


0-11 em. From the transport 

ments we take the value 7 — 7-8 x 10-10 Sec as the average 
for this orientation and obtain a value for average Fermi 
4x 0*emsec-l. This can be compared with the values 
heat measurements (which in fact give an average 
z surface) and the free electron model of 
08cm eetively (Fawcett 1961). The 
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subject to errors up to say a factor of 1-5 since the exact number of 
oscillations in the low field region is difficult to estimate. 

Figure 6 (a), (b), (c) shows recorder traces of de Haas-Schubnikov type 
oscillations. The even valent metals, which frequently have numerous 
extremal areas of the Fermi surfaces perpendicular to a given direction, 


Fig. 6 
Peers) oc gh aes eee a 
acc Y E 
Reese & x i . D 
(8) 2Koe 


ATTENUATION ——* 


I rUpe ae reme UU ee eS 


(C) : 2KOoe 


Recorder traces of de Haas-Schubnikov type oscillations from (a) zinc in the 
range 82-66koe. Longitudinal wave (g10I0) and H in «0001. 
(b) Same as for (a) but with field slightly out of the «0001». (c) Cadmium 
longitudinal wave (g «1010») with Æ in «0001». Frequency in each case 
60 Me sec}. 


may give rise to rather complex beat patterns this making unambiguous 
analysis difficult. It has been observed by use of the acoustic technique 
however, that frequently an increase in the frequency of the acoustic ware 
disclosed a new set of periods; in particular shorter periods corresponding 
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areas of the Fermi surface. These short periods were E 
different from those already present that beats did not ooir an ^ "d 
could be analysed unambiguously. It is believed that the origin * his 
effect may reside in the increased acoustic wave strain gradient which in 
turn, is able to couple with electrons or holes from other segments of the 
Fermi surface. A theoretical understanding of the precise way m which 
these acoustic interactions occur is not sufficiently understood to warrant 
a more detailed speculation. : 

Most of the periods which we have observed in zine using the acoustic 
techniques agree. within the accuracy of analysis of the beat system, 
with those discussed by Joseph et al. (1961), for the so-called tentacles, 
junctions and horizontal arms in the second band of holes. In particular, 
the period corresponding to the junctions, which was difficult for Joseph 
et al. to determine, corresponds to the long period in fig. 6 (a) anc is 
154x10-90e-!. This confirms their rather involved analysis. At 
frequencies above 60 Mcsec! a set of periods corresponding to larger 
sections of the Fermi surface have been observed for the first time. These 
periods are in the range 20-40 x 10-9 oe. 

Tt is interesting to note that for fields along the c axis a rather surprising 
kind of phenomenon was observed. In one sample (fig. 6 (a)), in addition 
to the low-frequency oscillation already discussed, a short period of 
17-8 x 10° oe was found. Since the corresponding area 0-544- could 
not be fitted to any region of the expected Fermi surface and was not in 
agreement with any of the caliper measurements obtained from the 
geometrical resonances, a second experiment was performed with a 
different sample. The result, shown in fig. 6(b), shows & period of 
35:8 x 10-* 0e-!, with a high content of harmonics. The new area of 
0:27 i is in good agreement with those values obtained from corre- 
sponding areas in other directions. We arrive at the conclusion, therefore, 
that in the first case, for reasons not altogether clear, the fundamental 
was missing and the period actually measured was the second harmonic. 
It is worth mentioning that in the second experiment, the homogeneity 
of the field and the alignment of the sample were subject to slightly larger 
SITOIS than in the first case. "This can be corroborated by the fact 


the period of 17-8 x 10-? oe! appears superi ; 
NOE erimposed 
10-?0e-! which is known to exist onl imd eee oe 


to larger 


> 


Oe, together with large 
; which are the predominant ones 
nts and exist over large a range 


he order of 195 x 10-9 oe 
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experiments to clarify this point are in progress. The areas corresponding 
to the measured periods in zinc are plotted in fig. 7. Except for the data 
with the field along the c axis (fig. 6(c)) only preliminary work has been 
done on cadmium at high fields. 


Fig. 7 


o 


AREA IN A^? 


80? 


(1205 —> 


Area of the ‘stars’ for zine as a function orientation as the magnetic field is 
rotated in «1010» plane. Data from de Haas—Schubnikov type 
oscillations, full eurve ; free electron model, dashed curve. 


$4. Tug FERMI SURFACES 


It has been repeatedly shown that in order to obtain an experimental 
picture of the Fermi surface of a metal it is necessary to start from some 
approximate theoretical model which could be suitably modified to agree 
with the experimental information. 

The success of the free electron model (Harrison 1960 b) in the interpre- 
tation of the experimental data on several polyvalent metals has caused 
many investigators to take it as an accurate description of the actual 
Fermi surface. However, as was proved in the case of the noble metals 
appreciable distortions may be expected and great care must be Css 
in interpreting any data. In particular, for the hexagonal close-packed 
metals (h.c.p.), the influence of the ‘spin-orbit interaction (Cohen and 
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Falicov 1960) must be taken into account from the beginning. Moreover, 
we may expect sizeable energy gaps to occur due to the regular lattice 
potential, with their consequent distortion of the shape of the surface. 
This may lead to the possible disappearance, or the less probable 
appearance, of some small pockets of either electrons or holes. 

For zine, an explicit band structure calculation (Harrison 1962) based. 
on a few orthogonalized plane waves is available. The resulting Fermi 
surface shows a remarkable resemblance to the free electron model. This 
fact gives confidence in the fitness of the surface given by this model as a 


starting point for our interpretation. 


id 


7 The hexagonal Brillouin zone with the symmetry points indicated. (Cadmium 


 PA=0-568, TM=1-22, TK-141; zi 5 
575, all in units of 10-2 cm-1.) Eu eS 


he best of our knowledge i 9 
ESV ON OU owledge, there is no av 
ii otun C vailable band 
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Fig. 9 


Fermi surface for zinc. (a) First and second bands of holes (fret hand 
'eaps'—are shown cross-hatched. (b) Third and fou RS: 
electrons (fourth band— cigars '—are shown cross-hatched), E. 


P.M. 
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4 the point H in the Brillouin zone (fig. 8). ee have pom 
1 spin-orbit splitting from the main region of ho ES exis s a 
band. This, usually called the ‘monster ’, consists of a multip. RAS a 
surface similar to the one actually found for zinc (fig. 9 (a)). Tire thir 
|| band (electrons) contains one central pocket around I (the pillow J; 
| two small elongated pieces along the (0001) edges centred on K (the 
‘needles ’), and three sheets around L generated by two intersecting 
discs (the ‘stars’). The latter are in fact connected at points in the AL 
line to pockets in the fourth band (the ‘cigars’), which are entirely 
contained within the intersection of the two discs which comprise the stars. 
In the following paragraphs we will assign the calipers, calcula 
the geometrical resonances, to the various sheets of the surface, moći“ 
the surface when necessary so that it will agree with the experimenta. «5; 
For zinc there is evidence that all the six pieces of the Fermi e: 


the third band) had been found in previous magneto-acoustic resonances 
(Gibbons 1959, Galkin and Korolyuk 1960). These resonances are the 
only ones which are resolvable at 20 Mesec-!. At higher frequencies they 
appear very strongly, beating with some periods arising from the stars or 
the ‘monster’. The calipers corresponding to the pillow are shown in 
table 1, columns (2). 

The small ‘needles’ around K could not be obtained from the geometrical 
resonances since their period is too long. However, their existence is 
well established by Verkin and Dmitrenko (1955) and Joseph et al. (1961). 
Both of these investigators found low-frequency oscillations in the 
de Haas-van Alphen effect that correspond to the needles. The areas 
obtained from these data are in good agreement with the free electron 
model (Harrison 1960 b). 

The ‘stars’, around L in the third band, are geometrically complex 
surfaces with re-entrant valleys. Therefore, extreme care must be taken 
in the interpretation of the results, since here the calipers are very different 
from the diameters in the same direction. "The geometrical resonances 
that we have assigned to the ‘stars’ are listed in table 1, columns (1). 

eem to follow closely, within a 10% accuracy, the values predicted 
e free electron model. These oscillations could not be followed 
the complete range of angles, probably because their periods 
others coming from different sheets of the surface and also 


E 2 : Or t [ i 
dubuikoy type osci 
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points at their intersections with the AL lines. This geometrical feature 
may have some bearings on the appearance and disappearance of the 
fundamental and second harmonie found experimentally and described in 
the last section. 

The ‘cigars’ in the fourth band, around L, must exist for symmetry 
reasons if the stars are present. We assign them to the long periods found 
for fields near the basal plane and listed in column (5) of table 1. "These 
calipers are about one-third of the value expected from the free electron 
model. 

The ‘caps’ (holes near H) in the first band have not been detected in the 
geometrical resonances due either to their long periods or as a consequence 
of their being hidden by similar but stronger periods (tentacles and 
junetions). Again, they have been observed in de Haas-van Alphen 
measurements for fields parallel to the c axis (Joseph ef al. 1961) where they 
show reasonable agreement with the free electron model. Finally the 
‘ monster’ in the second band may give rise to many possible geometrical 
resonances. The ones which we have observed are those arising from the 
outer waist, short periods (table 1, columns (3)) and the individual tentacles 
and their junctions, long periods (columns (4)). The former seem to indicate 
a reduction (about 5%) from the free electron model. This reduction is 
consistent with the dimensions of the tentacles. The long periods have 
been determined by counting oscillations and beats; it is not altogether 
clear that only two periods are present and consequently these data are 
subject to uncertainties of about 20%. From the geometry of the tentacles 
and junctions we would expect a set of five periods for directions of field 
close to (0001); since they are all of nearly the same magnitude the 
possibility of resolving them is beyond the capabilities of our experimental 
set-up. As an average the calipers obtained are in good agreement with 
de Haas-van Alphen areas (Joseph ef al. 1961). 

From the values obtained for the dimensions of the * monster? we may 
draw the conclusion that the energy gap at K must be somewhat larger 
than the value obtained by Harrison (1962). This increase in the band 
gap accounts both for the existence of strong oscillations from the 
tentacles and the reduction in the size of the waist of the monster. 
A general picture of the Fermi surface of zinc is shown in fig. 9. 

The data for cadmium display some similarities and some large dis- 
crepancies with those from zinc. The © pillow’ in the third band still gives 
rise to the strongest signals, which are the only ones it is possible to resolve 
at 20 Mcsec-!. The calipers obtained are shown in table 2, columns (2). 
They are still in general agreement with the free electron values, but they 
exhibit some structure which manifests itself as a small but distinct 
departure from the ellipsoidal-like shape. 

The stars are also basically unchanged from the free electron model and 
the data shown in table 2, columns (1) are assigned to the calipers of these 
sections. In the (1120) set, the values near (0001) were not resolved 
probably due to a similarity in period with those arising from the pillow: 


N2 
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In contrast to these two sheets which are approximately the same as 
zinc, the other regions show marked deviations. The small needles were 
not observed, neither in our experiments nor in any published de Haas-van 
Alphen data and all the evidence indicates that they do not exist. We have 
found some small periods for fields near the basal plane which it is reasonable 
to assign to the ‘cigars’ in the fourth band (fig. 4 and table 2, column (5)). 
The oscillations are similar in structure to the corresponding ones in zine, 
but the values of the calipers are smaller by a factor about 3. 

Our experiments show no evidence for the ‘caps’ in the first band, 
however, as in the case of zinc, they have been identified from their 
de Haas-van Alphen oscillations (Joseph et al. 1961). The most remarkable 
difference between cadmium on one hand and magnesium and zinc on the 
other appears to be in the structure of the second band. The ‘monster’ 
described for zine in previous paragraphs has collapsed in cadmium as a 
result of the pinching off of the horizontal arms which would constitute 
its waist (fig. 10(a)). Consequently, two identical sheets instead of one 
now exist. Each one of them extends indefinitely in the c direction, but 
the continuity in directions perpendicular to it has been broken. These 
sheets can be described as a set of three tubes (the tentacles of the 
monster (undulating about a direction parallel to the c axis and merging 

together into one tube in the proximity of the point H. 

The evidence which corrobates this structure is many-fold. The 
de Haas-van Alphen periods (Berlincourt 1954, Joseph et al. 1961) 
unambiguously show the existence of the tentacles, which immediately 
rules out the possibility of the sheet making contact along the entire zone 
boundary, KH, and giving rise to only one tube. These periods are in 
good agreement with some of our geometrical resonances which are listed 
in table 2, columns (4). Evidence for breakdown of the monster comes 
from the absence of the de Haas-van Alphen periods for fields in the 
(1120) direction (Harrison 1960b) and the absence in our own data of 
geometrical resonances arising from the waist. It is worth noticing that 
these resonances are very clear in zinc and must have been observed in 
cadmium, with a higher RRR, had the monster not collapsed. Further- 
more, the existence of new resonances for fields near the c axis which 

give rise to calipers of the order of 1 x 10$ em™ (table 2, column (3)) strongly 
supports the model. ‘These calipers, which at angles of 50—60? are very 
close to those from the stars, are well resolved and very different from 
any other at angles close to 90° ((1120) direction). They could not be 
assigned to any other piece of the Fermi surface and must come from 
extremal cross sections of the three tubes in the basal plane. Finally, the 
existence of some open orbit resonances (Gavenda and Deaton 1962) 
proves the continuity of this surface in the c direction and its contact 
with the hexagonal faces of the Brillouin zone. A complete picture of the 
various sheets of the surface we have described is shown in fig. 10. 
Our interpretation of the experimental data allows us to make certain 
conjectures about the energy band structure of both zinc and cadium. 
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In particular we may discuss the position, relative to the Fermi level, of 
some symmetry point energies, namely those usually designated as I'47, 


D,*, Kj, K; H, and L,. In addition itis interesting to discuss the position 
os posee which we call E and is defined as the energy maximum 1n the 
second band along the I'M line (fig. 8). 


RESISTIVITY IN OHM-CM 


o j IN 1010» 
o j IN <000> 


Resistivity of zinc as a function of temperature. 


we certainly know that Fi, Pst, K,, K; and L, are below the 
à while H, and X lie above it; these are minimum requirements 
to account for the 


i postulated topology. These are also 
prison (1962). However, our experimentally 
b agree with the quantitative values of 
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the symmetries K, and K; to them. Harrison gives K,= — 0-027 ev and 
K;=—0-177ev with a correspondingly small energy gap of 0-15ev. 
Our value for the gap of 0-7 ev disagrees with that of Harrison by a factor 
of 5, but this value is necessary in order to account for the dimensions of 
the outer waist and at the same time accounts for the dimensions of the 
tentacles found in the various experiments. This disagreement is in some 


Fig. 12 
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Hall voltage versus temperature for various principal directions in zinc 
Magnetic field strength 1 koe. 


ways not too surprising since Harrison used only a few O.P.W.’s and at 

this particular symmetry point a minimum of nine is really necessary to 

adequately calculate the band structure. 

A further point worth making concerns the relative height of the ‘stars’ 

and ‘cigars’ along the c axis. The fact that the calipers of the ‘stars’ 
R follow to a good approximation the free electron model while the height 
of the ‘cigars’ is reduced by a factor of 3 (and similarly a factor of about 8 
for cadmium) can be explained if the two levels degenerate at L, are split 
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when moving towards M. In magnesium the existing 


+t sufficiently 
ae culation (Falicov 1962) predicts a factor of 2 in the 


band structure cal 


reduction of the size of the ‘cigars ^s : ee 
For cadmium the situation is somewhat different. The levels 47, st, 


K;, L; and X are below the Fermi level while K, and H, are above it. The 
fundamental changes are in the levels K, and X. K, must be above the 
Fermi level to eliminate the ‘needles’. This is the only possible choice 
since, due to the degenerate character of K;, it is not possible to have the 
reversed order without eliminating the tentacles as a result of contact 
along the whole Brillouin zone edge, KH. The second drastic change is 
the depression of & below the Fermi level thereby pinching of 
horizontal arms of the free electron ‘monster’. Unfortunately, quanti 
estimates of the position of the symmetry point energies with res; 
the Fermi level and the magnitude of the energy gaps cannot be ms 
cadmium at the present stage since neither a reliable value for the < 
effective mass nor a detailed band structure calculation are avaiiaole. 
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APPENDIX 


ELECTRICAL TRANSPORT PROPERTIES 


The resistivi 
às ‘he resistivity and Hall voltage were measured on samples cut from 
the acoustic specimens. Bars were c 


e variation of resistivity with temperature for 


nd (1010) directions. The residual resistance 
t c axis and 2 
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conductivity and Hall constant of a single band model to be applicable. 
However, as we have seen in $3 the increased attenuation caused by 
interaction with the conduction electrons is coincident with the increase 
in electron mobility, fig. 12, as demonstrated by the Hall voltage. Thus 
if the hole mobility is considerably less than that of the electrons, say 
below 12*k, we may be able to a first approximation, to use the single band 
model expressions, 
ex Ner "esca 
BE 5-0 


where the symbols have their usual meaning. If these expressions are 
used, we can obtain a value for 7, the relaxation time. Table 3 gives the 
values obtained from these expressions with the data from figs. 11 and 12 


Table 3. Zinc 


Current T^k Ry x 104 ox 10-19 7x 10-12 
direction c.g.s. units | ¢.g.s. units sec 
«1010» 4-2 4-6 290-0 78-0 
«1010» 6 44 225-0 57:0 
«1010» 8 3-8 129-0 28-0 
| <10T0> 10 2-5 60-0 8-6 
| <1010> 12 0-9 25-0 1:3 
«0001» 9 1-7 ER 115-0 11-0 


| and the current in the (1010) direction; also included are the data for 
| current in the (0001) direction at 9?K for comparison with the acoustic 
| data in §3. 
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ABSTRACT 


The minimum, second stage, creep rate € of polycrystalline cobalt 
(99-99995), subjected to constant stresses in vacuo at 430—750?c, is shown 
to obey the relation «— (T) exp[(—H --qe)/kT] over the entire range of 
strain rates employed, extending from 10-? to 10-4 per sec. As in copper 
and «-brasses, two sets of the parameters A, H and q are however required 
to describe any given log e/o isotherm, depending on whether the tensile 
Stress o is greater or less than a critical value co(T) at which an abrupt 
change occurs in the creep mechanism. The increase of the activation 
volume 4q with temperature is governed by an activation energy Q —0:55 ev 
which, as in other metals, is close to the theoretical value of the interaction 
energy between the hydrostatie stress field of dislocations and vacancies. 
H, determined by thermal cycling, was found to be equal to 2:2-0:25 ev 
and 1-9+0-25 ev for o< e; and c> oç respectively, but at about 550°c rose 
steeply with temperature in both cases to a common constant level of 2-9 ev, 
numerically equal to Esq, the activation energy of self-diffusion. The first 
two values are ascribed to the movement of jogs in mixed dislocations, the 
respective barriers being Hsq—Q and Hgq—2Q. The barrier at higher 
temperatures is considered to arise from the non-conservative migration of 
jogs in dislocations of predominantly screw character. Corresponding 
energy spectra of other metals are reviewed. 


$1. INTRODUCTION 
Ix an analysis of creep data of several metals, and in later work on a-brasses 
(Feltham 1957, Feltham and Copley 1960) it was shown that the activa- 
tion volumev= 1q, appearing in the equation 


é=A(T)exp[(—H+qo)/kT], go>kT, . . . . (X) 


correlating the high-temperature minimum creep rate e and the applied 
tensile stress c, increased with temperature. For the metals surveyed, 
including aluminium, lead, nickel, y-iron and copper, the effect could be 
expressed by the relation 


q= tl? =quexp(—Q/kT), . . . . . . . (2) 


in which Q is numerically equal to about twice the latent heat of melting per 
atom, qo à constant different for each metal, b the length of the Burgers 
vector and / the mean free path between non-conservatively migrating 
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jogs on dislocations. At corresponding temperatures, e.g. $T'm; where 
TK) refers to the respective melting points, the values of l of the 
metals listed above decreased with rising stacking-fault energy, y, 1.e. 
in the order in which they are given. 

The main object of the present work was to establish the significance of 
the variability of the activation volume with temperature and stacking- 
fault energy, and to utilize the results for the identifieation of the rate- 
determining mechanisms in high-temperature creep. Cobalt was chosen 
because the decrease of its stacking -fault energy to zero on approaching the 
f.c.c.>h.c.p. transition range was expected to facilitate the detecti 
those parameters in eqns. (1) and (2) which were sensitive to changes in y. 


$2. EXPERIMENTAL 
Creep specimens were made by reducing the diameter of 13 cr ‘ong 
rods of 99:999% cobalt (Johnson Matthey spectroscopic standard) over a 
central gauge length of 10cm from 2 to 1-5mm by etching and machining, 
followed by electropolishing. The procedure, the methods of carrying out 
the creep runs and recording the strain/time curves were similar to those 
described in connection with work on the creep of copper (Feltham and 
Meakin 1959); the same vacuum chamber, constant-stress device and 
furnace were used. 

$ Any given specimen was annealed in situ for 4 hour at 850°c without 
EER being subjected to a load. The furnace power supply was then cut until 
E the temperature of the specimen had dropped to near that required for the 
run. The current was then switched on again, and when the temperature 
of the specimen had become stable the rod was allowed to creep under 
constant stress. A vacuum better than lu Hg of air was maintained 

: during the annealing, creep and subsequent cooling stages. 
E a a heat treatment resulted in the formation of equi-axed grains 
el > A ts TR ; as DE were well discernible by microscopy 

9 e grain bou i i 

E cron: wm ER ma had become delineated by thermal 
E MM below 450°c comparatively heavy loads were required 
A 2 e! esired creep rates. To forestall damage to the equipment an 
emps was made to reduce the creep strength of a second series of rods 
ealing them in a muffle, sealed into evacuated silica tubes 
ollowed by slow cooling. Specimens softened in this 
| i the vacuum chamber and subjected to the stan- 
Mont at 830 0 before creep. Rods which have received 
"red to as 'pre-annealed'. A 
> and 350°c, well 
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Fig.1 


4 8 12 l6 20 24 


Stress versus constant strain rate isotherms. 


Fig. 2 


Stress versus constant strain rate isotherms for ‘ pre-annealed ’ specimens. 
An additional 12 hour anneal at the creep temperature was applied to 
specimens allowed to creep below 400°0 to stabilize the hexagonal phase. 
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$3. RESULTS 


The experimental results revealed a close resemblance between the 
characteristic features of the creep of f.c.c. cobalt and corresponding ones 
observed under similar experimental conditions in copper and «-brasses 
(Feltham and Copley 1960): 

(a) The instantaneous strain, as measured 1-2sec after the application 
of the tensile stress c, was related to the latter by a ‘parabolic’ work 
hardening law: o?— x(T)einso. X diminishing appreciably with increasing 
temperature. 

(b) The transient creep consisted of an initial logarithmic part, fclicwed 
by one with a (3 type time dependence, except that above about 500° and 
at stresses exceeding a critical value oc(T) corresponding to the breaxs in 
the ¢-isotherms in fig. 1, the logarithmic stage was absent. 


Fig. 3 
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Q, determined from the slopes of the straight lines in fig. 3 (eqn. (2)), 
was found to be 12-5kcal/g atom, which is considerably in excess of the 
values to be expected from the correlation with the melting temperature, 
Q c 2-4kT m, or with the latent heat of melting per atom, Q œ 2L, previously 
found suitable for estimating Q of several f.c.c. metals (Feltham 1957). 
Applied to cobalt these criteria yield only 8 + 0-5 kcal/g atom. As a con- 
sequence corresponding ratios of [-values (eqn. (2)) of cobalt and any of the 


Fig. 4 
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The temperature dependence of the activation energy H as determined from 
temperature cycling experiments. Full circles refer to creep at stresses 
below the inflexion points of the isotherms in fig. l, empty circles to 
higher stresses. Each point represents the average of 3 to 8 determina- 
tions. 


other metals mentioned, e.g. copper, are no longer temperature indepen- 
dent, and cease to be a suitable index of stacking-fault energy. At $7 
one finds that 1, determined from fig. 3 by means of eqn. (2), is equal to 
50 (or 100) inter-atomie spacings in cobalt; corresponding values for 
copper are (Feltham 1957) 35 (or 70); the ratio [,,/lg, increases however 
appreciably with temperature. Finally, the linearity of the relation 


"between logg and 1/T (fig. 3), extending from about 430°c (at the apex of 


the V-shaped curve in fig. 3) up to the highest temperatures used (750°c), 
suggests that Q is not significantly influenced by changes in the stacking- 
fault energy. : 


$4. DISCUSSION 


The similarities of the creep behaviour of cobalt, copper and a-brasses 
referred to above relate to features which are probably characteristic of the 
creep of all f.c.c. metals. As most of these features have recently been 
reviewed (Feltham 1962), the discussion will here be confined primarily 
to the activation energy, for the present data appear to have some 


bearing on the problem of the significance of its dependence on stress and 
temperature. 
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Q values of the metals listed in § 1 correlate satisfactorily with the d 
action energy — W between a vacancy and the hydrostatic stress ester 
of dislocations (Feltham 1962) ; in each case Q is found to be equal to — 
as given by Friedel (1955) for edge dislocations : 

dor duri Habs el vd 

fiat qe e 3) 
but with the numerical factor reduced by about 15%. Here G is the shear 
modulus, Q the volume per atom and v Poisson's constant. The 
magnitude of v, is not known to the authors, but will be assumed to be 
equal to that of nickel (0:31). Then, taking = W oy = 6-9 kcal/g stom 
(Feltham 1962), Geo —8-4 x 105 kg/cm? at 0°c (Maringer and Marsh : 360), 
Go, =49 x 105 kg/cm? at 0°c (Feltham and Meakin 1957), and vg, =0 35, 
one obtains : 


NE SOE vl eae 


i 
4 
l 
] 


32:8 keal/peatomy ce e rd) 


which agrees well with the value of Q obtained from fig. 3. 
If, as the available evidence suggests, — W —Q, then eqn. (2) implies 
that the mean free path / between non-conservatively migrating jogs in 
second-stage creep is governed by the interaction energy between the 
hydrostatic stress fields of dislocations and vacancies. Without a fuller 
understanding of the kinetics of jogs the effect can be interpreted only 
qualitatively ; the following considerations appear to be relevant. 

The length of / will be determined, on the one hand, by the rate at which 
intersection jogs are created in the course of transit of a dislocation between 
its source and sink and, on the other, by the rate at which jogs are lost in 
that period by annihilation or other climb-induced processes facilitated 
by their movement along the dislocation line. If, statistically, the stress 
and temperature dependence of both processes are nearly equal, except 
that jog transport along the dislocation line is thermally favoured over 
that in the direction normal to it because of the enhanced mobility of 
vacancies along the core, the temperature dependence of J and the relation 

tween W and Q can be understood. 
nelusion suggests that some of the Steps between consecutive 

3 bserved in creep at temperatures at which vacancies could be 
eo bile, might be equal to — W. Processes which could give 
m oe ` of the enthalpy levels include 
tio 
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(c) Climb of slowly moving mixed dislocations carrying equilibrium 
‘atmospheres’ of vacancies: H=(H;—Q)+(Hm—Q)=HAsa—2Q. 

(d) Migration of mixed dislocations of predominantly screw character 
impeded by jogs (Mott 1956), when a vacancy formed in contact with the 
jog (1; — Q), diffuses away from the latter (Hm+Q), resulting in H = Aga. 

Also at low temperature pinning of dislocations by vacancies may itself 
determine the activation energy, with H — Q. 


Combinations of Q (kcal/g atom), evaluated by means of eqn. (3), 
with acsivation energies of vacancy migration (Hm) and self- 
diffusion (Hsa) are given in the upper parts of the boxes, corres- 
ponding observed activation energies of creep in the lower sections 


Q Hm Hm+Q H sq — 2Q H sa —Q H sa 
4-60 17-5 4 20» 2342 24 28 T 330 
Al 
4.6: 28d 350), «0 
7:00. (0 | 29 210 3642 35 42 49te 
Co e ———: 
7-0) 28 + Qe 3243 | 37439 49e 
12.80» 350) 48 | 4l 54 ere 
Co = - = - 
12-5) 44 + 5th) 50 + 5th) 670» 


(a) Feltham (1962); (b) from Hy; values of Wintenberger (1959) and Mehl e£ al. 
(1961), with H,g=33 kcal/g atom; (c) Dorn (1956); (d) Dorn et al. (1957); 
(e) Feltham and Meakin (1959); (f) Feltham (1961 a); (g) Tietz and Dorn (1956); 
(h) this paper; (i) from Hp of nickel as given by Takamura (1956), with 
Ha =67 kcal/g atom. 


The table shows, in the upper sections of the compartments, the activa- 
tion energies of vacancy migration and self-diffusion, as well as combina- 
tions of these with values of Q obtained from high-temperature creep data, 
The lower halves contain corresponding values of observed energies 
(enthalpies) of creep. Although the uncertainties in the values and in 
their correct assignment in the table are considerable, the general trend 
is in harmony with the preceding hypothesis. Tt is further supported by 
| the results of room temperature internal friction experiments of Hasiguti 
i et al. (1962), who obtained activation energies of 12-3 and 7-0 keal[g atom 
| respectively for cobalt and copper, and ascribed these to the interaction of 
l dislocations with point defects. Their values agree with corresponding 
| ones of Q for cobalt and copper given in the table. Similar results were 

E obtained also by Baxter and Wilks (1962), who ascribe an internal friction 
peak observed in copper at about 150°K to vacancy -dislocation interaction d 
the activation energy was found to be approximately 7-8 keal/g atom. 

P.M. 
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A critical test of the above hypothesis might be pre s d Ec 
tions on the creep of hexagonal metals. In these m E. ie r os 
glide dislocations penetrate two basal planes (Seeger 19 à h A 
non-conservative migration is rate determining in creep ee x ees 
energies may be expected. In fact, in the creep of po m dcr 
magnesium above about 330?c McTegart (1961) obtained an ac nva m 
energy of 54 kcal/g atom by thermal cycling. which is far in E 
Hoa (32 kcal/g atom; Shewmon and Rhines 1954). If one assumes t 2 z 
for magnesium is 5kcal/g atom, close to that of aluminium, Ene qa | 
that 2(Hsa—@)=54keal/g atom, suggesting that a process invoiving 
divacancies may be governing the creep rate. 


$5. CONCLUSIONS 


The present results on the temperature dependence of the activ ation. 
volume in the creep of cobalt, together with similar data on copper and, 
aluminium given in the literature, support the assumption that the mean. 
free path 1 (eqn. (2)) between adjacent non-conservatively migrating jogs 
is determined by the ratio of the jog mobilities along and at right angles to 
the dislocation line. The enhanced mobility along the core appears to 
arise from the interaction of vacancies with the hydrostatic stress field of. 
dislocations, the interaction energy Q determining / through the relation, 
L5 lyexp (—Q/kT), where lis a constant. 

At half the respective melting temperatures the values of | of cobalt and. 
copper are close, their ratio does not however appear to be a simple index: 
of relative stacking -fault energies. ; 

Results of the analysis of the activation energy levels, H, as measured 
by thermal cycling in creep of several metals at temperatures at which 
vacancies can be assumed to be mobile, are consistent with the hypothesis 
(Feltham 1961 b) that the locus of the rate determining activated process 
shifts from predominantly edge-type to predominantly screw-type dislo- 
ons with increasing temperature. The transition is not however 
ti ousi H appears to be ‘quantized’ according to the relation 
Hi 8Hy -(Q; r,s,t=0,4+1,+2; r+s+t>0; where H; and Hy are 
on energies of vacancy formation and migration respectively. 
all the levels seem to be ‘permitted’. 
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Palaeomagnetic Measurements on the Great Dyke, 
Southern Rhodesia 
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| [Received 18 August 1962, and in revised form 10 November 1962] 


ABSTRACT 


A series of serpentine, pyroxenite and norite samples from the Great Dyke 
were collected near Chingford, Lalapanzi and Selukwe. All the measurements 
were initially scattered, but upon demagnetization in a.c. fields a consistent 

| grouping resulted in the case of the norite samples. The Curie point of the 
ferromagnetic phase in the norites was found using an automatically recording 
Chevallier balance. 

The Great Dyke is intruded into the Pre-Cambrian Basement complex 
and is itself regarded as Pre-Cambrian in age. From the mean site direction 
of magnetization an ancient pole position was found to be 10-7 N 68:9 E. 


$1. INTRODUCTION 


Tur Great Dyke is a feature of considerable geological interest, never 
exceeding seven miles in width, it strikes in a N.N.E.-S.S.W. direction 
with very little disturbance over the greater part of its length of over 300 
miles. It is intruded largely into granites of the Pre-Cambrian Basement 
complex, and highly metamorphosed xenoliths of hornfels and banded 
ironstone belonging to the Basement complex have been found in it. 
| The Dyke is thought to be post-lomagundi in age and from the general 
similarity of pseudo-stratification, the alternate banding of chromite, 
pyroxenite and serpentine as well as from the general strike, a genetic 
relationship with the Bushveld complex has been inferred. The age of 
| the latter is known to be of the order of 2000 million years from radioactive 
| age determinations reported by Schreiner (1958). 
| Petrologically the rock types represented in the Great Dyke range from 
| ultra-mafic to mafic types and include serpentine dunite pyroxenite and 
| gabbroie rocks such as anorthositie gabbro, norite, gabbro and quartz 
| gabbro. Transitional rock types occur and in this category harzburgite, 
| olivine pyroxenite and picrite are found. 
| The serpentine is a near surface phenomenon, for it is not recorded 
j below a depth of 1000 ft except in the neighbourhood of faults. It is 
believed to be predominantly of autometasomatic origin due to the effects 
of late magmatic fluids from the parent melt on consolidated, but still hot, 
a olivine (dunite) rocks. Tt may still occur at the present day, due to the 
circulation of meteoric water in the vicinity of fault planes. Magnetite 
which has been recorded as abundant, although as will appear later the 
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considerably, is probably secondary. The 
found in the pyroxenite bands. The pyro- 
lic rock with interstitial olivine 


amount would appear to vary 
same is true of the magnetite 
xenite is a largely unaltered monominera 


| ü H . H = 
and plagioclose sometimes occurring. 
| J 
| 
1 
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According to Worst (1958) the parent magma of the Great Dyke was 
d concentration of iron in the form of magnetite 


poor in iron and no m arke 
occurred. The iron-rich end-phase magma 1s represented by compara- 


tively iron-rich pyroxene in the gabbroic rocks, where magnetite also is 
found. These petrological conclusions are fully borne out by the magnetic 
measurements. 

During the summer of 1958 a series of samples was collected repres enting 
some of the petrological types present in the Great Dyke. The area sampled 
is covered by Geological Survey of Southern Rhodesia Bulletins 39 
(Tyndale-Biscoe 1949) and 44 (Wiles 1957) in which the dyke is described. 
The samples come from the Hartley and Selukwe Complexes of Worst 
(1958). Localities were visited with R. Tyndale-Biscoe and A. E. Phaup, 
to whom grateful acknowledgment must be made for their help. The 
interest of Professor S. K. Runcorn and Dr. K. A. Davies at all stages was 
appreciated, and thanks are due to the manager and management of the 
Cambrai Chrome mine for facilitating the collection of samples under- 
ground. 

Concurrent with this investigation, research has been carried out in 
Salisbury (McElhinny and Gough 1963). Although using different 
techniques the results are substantially the same. 


$2. FELD SAMPLING 


: Over 50 orientated samples of the Great Dyke were collected from 
0 sites. A series of five sites in the norite were collected near Chingford. 
The most westerly site was on the banks of the Serui river, with the 
remaining four within about three miles to the east and close to the road. 
A d peo d was also obtained from a hill-top site bordering 

( oad near Selukwe. The fi ie i P 

"ES the Gare Se lie in the Hartley complex of 
ted with the Great Dyke and lying to the east and the west 
Ee series of bordering dykes of which one, the Umvimeela dyke 
near the railway line in the vicinity of Guinea Fowl siding, 
her site ke, presumed to be either the same or an asso- 


in the Lundi river 
e river, from 
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§ 3. MEASUREMENT AND DEMAGNETIZATION 


From each sample two lin. cores were prepared and from these up 
to four 1 in. cylinders per sample. 

The direction and intensity of natural remanent magnetism of each 
core was measured under a short-period igneous magnetometer. When 
the directions are plotted site by site a pattern of near-random directions, 
characteristic of what is known of remagnetization by lightning, emerges. 
Great circle streaking due to a viscous component of magnetization was 
absent. In such cases it has been shown that secondary components 
may be removed by a.c. demagnetization (Graham 1961, Cox 1961) and 
consequently all samples were so treated. 


| Fig. 1 


| loo 200 . 300 400 500 


PEAK A.C. DEMAGNETIZING FIELD (oe) 


} 

l A.C. demagnetization curves of norite samples from the Hartley complex, 
| Chingford. 
| 
| 


Initially about four cores per site were progressively demagnetized 
in fields of increasing magnitude whilst being rotated about two axes 
in the zero field space (cancellation to less than 50 y produced by a set 
of square coils. Typical demagnetization curves of norite samples are 

3 illustrated in fig. 1. Smooth field reduction was obtained by using asniall 


electric motor driving a conical pulley to withdraw one iege from a 
1-5 m electrolyte tower (see Creer 1959). 


ry 
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216 
in a.c. demagnetization that the scatter 
of the directions of magnetizations is at first reduced, this being associated 
with greater or lesser changes indirection. Asthe field intensity increases, 
the scatter again increases although the mean direction may not change 
significantly until high fields are applied. The interpretation suggested 
by Irving et al. (1961) is that a viscous magnetization due to magnetic 
particles with a relaxation time short compared with the age of the rock is 
removed by fairly low fields (in many cases 150 oe is sufficient). When 
this is removed the residual magnetization is believed to be the primary 
one acquired at the time the rock was formed, and this direction changes 
very little although the scatter increases until at high fields, when the 
rock is nearly demagnetized, the site directions approach a rexdom 
distribution due to the demagnetization procedure. The optimum 


It is the common experience 


Fig. 2 
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demagnetizing field for any given site was considered to be that which gave 
a minimum scatter and which resulted in a consistency of directions of 
magnetization from different sites in the same formation or of rocks of the 
same age. 

Adopting these criteria only the norite samples from the Hartley 
complex near Chingford and the samples from the bordering dyke res- 
ponded to a.c. treatment, no consistent results being obtained from the 
pyroxenite and serpentine samples. The results from the norite samples 
can be illustrated by reference to figs. 2 and 3. In the present case the 
optimum field for two sites upon progressive demagnetization was found 
to be 300 oe, whereupon all the remaining cores were demagnetized at 
250, 300 and 350 oe. The site minimum scatter could then be found by 
computing site means using all cores. 

At two sites however one sample did not show any appreciable direction 
change whilst the other conformed to the general pattern. In both cases 


Stereographie plot of the directions of magnetization after demagnetization. 
Sample numbers are the same as in fig. 2. 
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tion of the sample showing small change in 
direction was anomalously high. Graham (1961) has shown both that the 
secondary magnetization due to lightning may be magnetically quite 
hard, and also that the effects of lightning are comparatively local. Con- 
sequently demagnetization of these specimens was continued until at a 
field of about 700 oe the directions changed to conform to the other 
samples; this is illustrated in fig. 4. The range of the residual intensity 
of magnetization at this point irrespective of the demagnetizing field was 
from 1 to 4x10-*e.m.u./em?, whereas the initial natural remanent 
magnetization lay in the range of 2 to 78x 1073 e.m.u./em?. This result 
would suggest that care is required in applying standard demagnetization 
routines to rocks where lightning effects are suspected. 

The site mean directions were given unit weight in the computation of 
an overall site mean from which the ancient pole position could be found. 


the intensity of magnetiza 
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A number of thermo-magnetic curves were made on a modified Chevallier 
balance, built by Parry (1957), in order to determine the Curie point of 
the magnetic phase. Specimens were mounted on a torsion arm lying 
between the poles of an electromagnet and movement of this arm reflects 
changes in the magnetic properties of the specimen as it is heated, the 
balance deflection falling to zero at the Curie point. The electromagnet 
gave inhomogeneous fields of up to 1650 oe although, in general, 
lower fields were applied. The value of the field to which the specimen 
was subjected was closely dependent upon position and consequently 
varied during the course of experiment with the movement of the torsion 
arm. 


Fig. 5 
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Thermo-magnetic curves obtained from a modified, automatic, Chevallier 
balance. The drawings are copies of the photographic record. The 
curves record the change in intensity with temperature, every 100°C 
temperature interval being marked by a break in the trace. "The upper 
curve represents the initial heating, the lower, the cooling curve. 
(u) magnetite sample (max. field 1000 oe); (b) norite sample from site 4 
(max. field 450 oe); (c) norite sample from site 5 (max. field 1200 oe). 


Copies of two photographie records made on norite samples from sites 
4 and 5 (fig. 5 (b), (c)) are typical and a single magnetic phase with a 
composition close to that of pure magnetite is suggested by the Curie 
point in the range of 530-540?c. Curve 5 (a) represents a magnetite 
sample for comparison. 
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$4. Discussion 


»e computation of an ancient pole position from the mean 
ng the mean site direction 


arth's 


Implicit in tl po! 

site direction are the assumptions that in obtaini 
the effects of secular variation have been averaged out, and that thee 1 
magnetic field has always approximated to that of a geocentric axial dipole. 
Following Jaeger’s (1957) arguments on the time required for the cooling 
of igneous bodies, the time represented by the six sites probably spans 
several thousands of years. It can be argued that the number of sites is 
inadequate to eliminate secular variation effects, and this may account 
in part at least for the difference between the mean and that reportea by 
MeElhinny and Gough (1963), although the difference is not significant. 
The results obtained are tabulated below. 


Table 1. Site mean directions of magnetization 


A.C. Samples 
field per 
applied site 


Mean Mean 
declination| inclination 


Site 


Hartley norite — 1 222.8 —58:3 350 oe i 
2 181-2 — 56:3 300 and 700 oe 2 
3 217-1 — 75:5 250 and 700 oe 2 
4 283-1 — 34-6 300 oe 11 
5 231-6 — 57:8 300 oe 9 
| Umvimeela dyke 247-0 — 55-7 250 oe 2 


z ——— He o do ooo die 50s o deo ss: 
| Overall mean site 
direction 236-3 —61:0 a=19-9, K 212.3, R —5-593 


f One sample excluded because of i i 

Ls x suspected field orientation error. 

Y sample did not respond to a.c. treatment even in the highest field 
a=radius of circle of confidence, K 


RU dan NM ae measure dispersion, R=length of 


ee n p it n interesting to compare the results of this 
í ation wi ose of McElhinny and Gou h (196 

. " 3 

i van Niekerk (1959) for the Bushveld UN bus t 
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ABSTRACT 


The relationships between the dislocation density, flow stress and stored 
energy in polycrystalline copper have been determined experimentally. The 
stored energy can be predicted from the observed density and distribution of 
dislocations. 

The flow stress-stored energy and flow stress-dislocation density relation- 
ships can be accounted for if the flow stress is attributed either to the stress 
required for a dislocation to penetrate the forest of dislocations, or to the 
stress required to move jogged dislocations. 


$1. INTRODUCTION 

| Ix a previous paper (Bailey and Hirsch 1960, hereafter called T) the 
| relationships between the distribution and density of dislocations, the 
flow stress and the stored energy were described for polycrystalline 
| silver deformed in tension. This paper reports identical experiments 
| carried out on polycrystalline copper. The results obtained are discussed 
| in the light of current flow stress theories. 

| The stored energy measurements haye been reported previously (Gordon 
| 1955) and were made using an isothermal calorimeter (Gordon 1954). 
| The distribution and density of dislocations have been obtained by means 
| of the electron transmission microscopy. technique from samples of the 
| copper originally used for the stored energy measurements. 


$2. EXPERIMENTAL 


3 
1 2.1. Stored Energy and Flow Stress Measurements 


: ‘The copper was supplied by the American Smelting and Refining Com- 

‘pany. ‘The purity is reported as 99:999+%. The calorimetry specimens 
(4 to $ in. diameter) were cut from larger tensile specimens having a grain 
size of ~15. These specimens were extended at a rate of 10-2/min. Tt 
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is difficult to prepare electron microscope specimens poe ee oalormeiy 
specimens, and for this reason samples cut from the d e | 
(kindly supplied by Professor P. Gordon) were rolled into sheets in. | 
thick. After suitable annealing treatments the grain size of the copper Í 
foil was ~20u. The copper foils were then extended at a strain rate of | 


Fig. 1 
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in eurves of the copper and silver foils (full curve) and calorimetry 
tensile specimens (points). 
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l0-?|min. Figure 1 shows the stress-strain curve for both the calorimeter 
tensile specimens and the copper foils ; essentially identical stress-strain 
curves were obtained and it is reasonable to assume that the dislocation 
distributions are closely similar in both types of specimen for a given degree 
of deformation. 


14 LOT 8 
30.0 % ELONGATION 


5 


o 
o 
o 
o 


04 


HEAT EVOLUTION, P, cals. / gm - atm /hr 


0.2 


RA eee a SSS 
M murum € 1G. 0 oop om 
ANNEALING TIME, HOURS 


Energy release curves for copper deformed 30% in tension (Gordon 1955). 
RS by permission of the American Institute of Mining, Metal- 


lurgical and Petroleum Engineers, Inc.) 


| Figure 2, which is taken from Gordon's paper (Gordon 1955), shows a set 
of heat evolution curves for the copper specimens deformed 30% in tension 
| and annealed at various temperatures. The stored energy is released in 
| two overlapping stages. The second, and major stage, was shown to 
| correspond with recrystallization and has the usual recrystallization 
| kinetics. The first ‘recovery’ stage accounts for only a very small 
amount of the stored energy, ~10%. Since measurements cannot be 
made over the first 10 min the recovery curves were extrapolated back to 
zero time in order to calculate the total stored energy, Ey, from the area 
under the heat evolution curves. The values of the energy released during 
recovery, Hp, the part released during recrystallization, Hp, and E 
s (=H) +H) are shown in table 1. Gordon estimates that Hy and Ep are 
accurate to 5% but that E, may be correct only in order of magnitude. 
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2.2. The Distribution and Density of Dislocations 


Electron microscope observations were carried out on the copper foils, 
described above, after various deformations. The foils were thinned by 
electropolishing in a bath consisting of 1 part conc. nitric acid to 2 parts 
methyl alcohol. The specimens were removed rapidly when thinned and 
weshed in methyl alcohol and distilled water. 

?lectron micrographs of typical areas of specimens deformed 1, 8:0, 17-5 
and 30% in tension are shown in fig. 3 (a), (b), (c) and (d). The dislocation 
arrangements are very similar to those observed in polycrystalline silver 
(cseribed in I); the dislocations are seen to form a cell structure in which 


Dislocation structure in a copper single crystal oriented for multiple slip (tensile 
axis [111]) and deformed to a tensile stress of 1:5 Kg/mm? (Livingston 


1962). x 700. 


at the higher deformations there is a clear distinetion between the cell walls, 
and the relatively dislocation-free interior of the cells. The cell diameter is 
~1p. Itis uncertain whether there is a significant change in the cell size 
or the thickness of the cell walls with increasing deformation. ‘The dis- 
location density in the cell walls does, however, increase with increasing 
deformation. No misorientations across the boundaries could be detected 
from diffraction patterns; this means that the misorientations across the 
cell walls must be less than 2°. 

At lower deformations (fig. 3(a)) the distinction between cell walls and 
the interior of the cells is less clear. The dislocation arrangement is not 
however, a uniform one. Noticeable features are dislocation loops, alts 
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s generally in the form of elongated | 


ri airs of parallel dislocation 
di ae 5 dislocations ; examples can be seen 


dislocation dipoles) and cusps on 1 i 1 
E 30 at A, B and C respectively. Dislocation dipoles have been 
g. 


observed in a variety of materials, for example, fatigued Cu, Ag; ot a Ni 
(Segall et al. 1961), deformed Zn (Price 1961), MgO (W ashburn et al. 60), 
deformed Al (Fourie and Wilsdorf 1960), Cu single crystals (Howie 1962). 
Recently Livingston (1962) has studied the density and distribution of | 
dislocations in copper single crystals using an etch-pitting technique. : Tt 
is instructive to compare the dislocation structure of the deformed poiy- 
crystalline copper with that observed in a copper single crystal os atec for 
multiple slip (tensile axis (111)) and deformed to a tensile stress ori} Ke/ ra? 
(fig. 4). The etched surface is a (110) plane. The dislocat:- ^5 forte a 
rough cell structure which is strikingly similar (making due alio ^snee tor | 
the difference in magnification) to the cell structure discussed 8/555. 
Dislocation densities in the deformed copper foils were detc::sinec. in | 
the manner described in I. From the spread of values obtained from | 
individual micrographs, the dislocation densities are estimated to be l 
accurate to 25%. Furthermore, systematic errors arise from three sources. 
Firstly, it is possible that not all of the dislocations are in contrast; this 
erroris not likely toexceed ~ 20%. Secondly, dislocation loops and dipoles 
too small to be resolved cannot be counted and thirdly, dislocations which 
are free to move can shorten their length by gliding into the position in 
which they traverse the foil along the shortest distance in the slip plane ; 
since most of the dislocations form tangles this effect may be small. 
Although the magnitudes of these errors are difficult to estimate all three 
sources of error will cause the experimental values to be underestimates of 
the true dislocation densities. 


Table 2. Dislocation densities in copper foils deformed in tension 


Extension Mean dislocation 
(%) density 
(em/em3) 


0-19 x 101° 
1:50 x 1010 
3:00 x 1010 
5-70 x 1010 
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Observations on specimens that had been annealed for suitable times at 
temperatures, such that partial recrystallization had occurred, showed 
that in the regions which had recovered, but not recrystallized, there were 
no observable changes in either the dislocation arrangement or density. 
It is possible, however, that slight rearrangements of dislocations within 
the cell walls may occur since these would not be observable. 


§ 3. CORRELATION OF THE EXPERIMENTAL RESULTS 


3.1. The Energy Associated with the Dislocation Arrangement 


“he dislocation density and the stored energy are known for essentially 
identical specimens and therefore an estimate can be made of the energy 
essoviated with the dislocations in deformed copper. The values of the 
aerey per atom plane of dislocation both before and after recovery (de- 
noted L4 and Dp respectively) are shown in table 3 for three deformations. 
Tt is uncertain whether the variation of the values with deformation is 
significant. The average values of L, and Lg are 10-5ev and 9-7ev 
respectively ; the difference between Ly and Lg is small, since only a small 
amount of energy is released during recovery with no observable change 
in dislocation density. 

It is interesting to compare these experimental values, i.e. Ly and Lp, 
with theoretical estimates. The dislocations are arranged in complex 
networks which are not expected to be stress free. The energy associated 
with a dislocation consists of its self energy and the energy of interaction 
with the other dislocations. The self-energy E, (per unit length) is given 
approximately by 


E, = (Gb/47K){In (Rro) + 1}; 

where G is the shear modulus, b the Burgers vector, K=1 for a screw, 
(1— v) for an edge dislocation, v Poisson’s ratio, & the radius of the volume 
over which the stress field extends and rg the core radius. In this expression 
the core energy has been taken as Gb?/10. The distance over which the 
stress field extends is unlikely to be greater than the order of the cell size, i.e. 
~10,, or less than the distance between dislocations in the cell walls, 
ie. «2004. The mean values of EZ, for edge and screw dislocations for 
several values of R are given in table 4 (rg is taken as b/2). The values 
of F, using a more detailed expression (Seeger and Schoeck 1953) and 
taking into account the width of the dislocation, are also given; for this 
calculation the stacking -fault energy of copper was taken as 40 ergs/cm?. 

The experimental values of the dislocation energy (Lp) ~ 10 ev (table 3), 
are larger than the theoretical estimates by a factor of ~3 for R= 10? à. 
Tf all the stored energy is attributed to dislocations, the difference between 
I4, and E, will be due to the interactions between neighbouring dislocations 
in the tangles. However, in view of the systematic errors discussed above, 
the values of N may be underestimates, such that the true dislocation 
density is ~2N. Furthermore, unobservable point-defect clusters or 
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small loops may account for a portion of the stored energy. It is possible 
therefore that the interaction energy may be considerably less than 
suggested by the discrepancy between theoretical and experimental values 
and could disappear altogether. 

In order to roughly calculate the maximum possible degree of interaction 
required to account for differences between Lp and F, it is supposed for 
oxample, that the tangles contain, locally, groups of a few screw dislocations 
of the same sign on neighbouring slip planes, as discussed previously in I. 
“che interaction energy for two dislocations spaced a distance r on the same 
«p plane is (G@b?/27K)In(R/r). The energy per dislocation Z,, for a 
voup of n dislocations spaced a distance r apart is 


x " p=n—-1 . 4 
E, — (Gb?[45 Kn (Riro) + 1) --(Gb*|22K) X (n—p[n)In (R[pr), 
2-1 

(1) 
provided R>(n—1)r. Values of E, forn=2, 3, 4and 5 are given in table 4 
with 7— 300 å and various values of R. It is clear from tables 3 and 4 that 
if the differences between Ly and Ẹ are attributed to dislocation inter- 
actions these are relatively small and at the most are of the order of those 
expected from a few dislocations of the same sign in the cell boundaries. 


Fig. 5 


20 


© Copper 
A Silver 


Te 

o 
ine 

10 

ZO 

a 

NS 

B 

o FO 2:0 


IMAG? ens 


Plot of z/Gb versus N12, 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


| 
j 
| 
| 
| 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


232 J. E. Bailey on the 


3.2. The Relationships between Dislocation Density, Flow Stress 
and Stored Energy 


3.2.1. Experimental findings 

For polycrystalline silver, 
(taken as half of the tensile stress) 
was found to take the form 


the relationship between the flow stress 
and the average dislocation density, JV, 


Seba M ees-occEoAN. . we 


as described in I. The results for polycrystalline copper iso obey 
this equation. The data for both silver and copper are plottec ia fig. 5. 
Livingston (1962) has determined dislocation densities in copi» single 


Fig. 6 


O Copper 
X Silver 


i e 50 
(499? assa 


Plot of E, versus TG. 


in tages I and II of the stress-strain curve) 


o Digitized by Arya Samaj Foundation Chennai and eGangotri 


Distribution and Densities of Dislocations 233 


In fig. 6 the values of the stored energy E have been plotted versus 7?[G. Í 
for both polycrystalline silver and copper. The results for both metals lie | 
close to the straight line described by the equation | 

E214 3G. ae error ETSI RN OD 

Although a relationship can be deduced (see below) between the energy 
stored, Æp, due to dislocations and the flow stress, it is uncertain whether 
i should be identified with Hy or Eg. The relationship between Ep and 
4?|G is also found to be linear (fig. 7) but different values of the constant of 
‘oroportionality are obtained for the two metals. Writing the relation- 
ships as Eg — o 7?/G., then agu — 7:3 and &,, — 4-1. 


Fig. 7 
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Plot of Hp versus TG. 


Various theories have been proposed which attempt to account for the 
flow stress in pure metals. Long-range stress theories originated by Mott 
(1952) suggest that the flow stress is determined by the stress from piled -up 
dislocations. Cottrell (1953), Hirsch (1958) and Basinski (1959) suggest 
that the flow stress may be determined by interactions between crossing 
dislocations. Recently it has been proposed by Hirsch (see Mott 1960, 
Hirsch 1962) that the flow stress is controlled by sessile jogs in screw 
dislocations. Long range stress theories involving “pile-ups’ will not be 
discussed here since dislocation pile-ups have not been observed in either 
copper or silver. 


] 
| 
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| 3.2.2. The predictions of flow stress theories 
4 
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On the forest theory, the flow stress is determined by the stress required 
for dislocations to cut through the dense regions of the forest of dislocations, 


E xu a nu cu s Ero ROM 
where J; is the spacing between the forest dislocations. ; 

A similar relationship holds for the stress exerted on the primary dislo- 
cations in neighbouring slip planes (Saada 1960). Since many disiocations 
will be in the form of dipoles and loops these should also contribute to the 
flow stress through this term. Although f depends on the nainve and 
orientation of the interacting dislocations, a reasonable value “or f is 
1/27K. Thus eqn. (4) can include contributions from forest anc ;--ima:y 
dislocations and loops. 

As discussed in I, lp will be ~ N 772, where Nr, the density of dis:ccatiors 
in the cell walls, is observed experimentally to be ~ 5N, N being the average 
dislocation density. Putting Nr=mN, then eqn. (4) can be written 

v (Of TEE (RES s s e 6 a (9) 
and with m = 5, K = 0-8, eqn. (5) reduces to 7/Gb = 0-45 N¥2. A comparison 
of this expression with eqn. (2) shows that provided m remains constant the 
agreement is satisfactory. Since the dislocation networks may not be 
entirely stress-free, the long-range stresses may also contribute a term of 
the same order of magnitude to the flow stresses. 

The stored energy-flow stress relationship can be derived in the following 
manner. As stated above the total stored energy can be accounted for in 
terms of the observed dislocation distribution if Ej is taken as equal to 
NE,, where n is small (table 4). Taking n=?2, Eņn=NE,, and substituting 
for W, and N from eqns. (1) and (5) respectively gives : 


Hiy=K(a/m)(r?/G){In (R/rg)+1+In(R/r)}.  . . . (6) 


Clearly the stored energy will be proportional to 7 
constant and r does not vary too rap 
Studied. Putting, R=1094 and r—3 


2/G provided m remains 
idly over the range of deformation 
00 4, eqn. (6) reduces to 

B= 22-52imG on (7) 
sub titution of the observed value of m 
! ; the value of the numeri 
; but of the same order as, t 


(i.e. ~5) into eqn. (7), 
cal parameter in this equation is 
hat in the experimental relationship 
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a forest of dislocations in which long-range stresses are appreciably relaxed ; 
the stored energy can be calculated as for the forest intersection model 
described above, and again gives satisfactory agreement with the experi- 
mental results. It is possible, of course, that dislocations are at least 
partially impeded by large jogs, but not enough is known about jog length 
and distribution to make estimates. 

For the forest intersection mechanism, the flow stress is inversely propor- 
tional to the spacing of the dislocations and the ability of this theory to 
predict the observed flow stress, average dislocation density relationship 
depends upon the relationship N;=mN. The constancy of m suggests 
that over the range of deformation studied a constant fraction of the volume 
of the metal is occupied by dislocations, i.e. V/N;~20%, and that the 
increase in N is due primarily to a decrease in the average spacing of the 
forest and other dislocations. For the jog theory the flow stress is inversely 
proportional to the spacing of the jogs on the dislocation lines, but in order 
to account for the observed work-hardening rate dislocation densities of 
— N; are required. The success of both of these theories in accounting 
for the stored energy is dependent upon the observation that the dislocation 
distribution is non-uniform and that only a small proportion of the total 
volume is occupied by the dense dislocation networks. 


$4. CONCLUSIONS 


The experimental values of the stored energy in deformed polycrystalline 
copper and silver can be accounted for in terms of the observed non- 
uniform distribution of dislocations provided that any long-range stresses 
associated with the dislocation networks are relatively small. 

Over the range of deformation studied the behaviour of polycrystalline 
copper is remarkably like that of silver. Both of these metals appear to 
obey similar relationships between flow stress and dislocation density 
(eqn. (2)) and flow stress and stored energy (eqn. (3)). These relationships 
can be accounted for in terms of the observed dislocation distribution if 
the flow stress is attributed to either the stress required for a dislocation 
to penetrate the dense forest of dislocations or the stress required to move 


a jogged dislocation. 
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ABSTRACT 


A technique is described for studying the rearrangement of dislocations 
in stainless steel during thinning by electropolishing and subsequent handling 
of the specimens. The foils are thinned from one side and dislocation 
movements during or after polishing are revealed by the appearance of 
single or double slip traces. The results show that less than 20% of the 
dislocations move after various deformations at room temperature, and 
that many of the movements are over distances less than the thickness of the 
foil (3000 4). In the case of dislocations in pile-ups it is generally not 
possible to determine the extent of the movements of the individual dislo- 
cations ; the upper limit of their movement, however, exceeds that for 
single dislocations. With increasing deformation the average distance over 
which dislocations move decreases. The general character of the arrange- 
ment of the dislocations is not affected by the movements observed. 


$1. INTRODUCTION 


Ons of the objections often made against the use of the thin film technique 
for the study of the distribution of dislocations in bulk material is that the 
dislocations might rearrange during or after thinning. Comparison of 
the distributions of dislocations in moderately deformed polycrystalline 
metals, as observed by transmission electron microscopy, with those 
inferred from x-ray diffraction patterns from bulk material, led to the view 
that only relatively minor rearrangements take place during thinning of 
such specimens, but the possibility of more important rearrangements in 
lightly deformed specimens could not beruled out (Hirsch 1959). However, 
apart from some observations due to Wilsdorf and Wilsdorf (1961) no 
systematic studies of the rearrangements have been reported so far. 

Metal specimens are usually thinned by electropolishing (Bollmann 1956, 
Kelly and Nutting 1958-59, Tomlinson 1958); this paper describes a 
technique capable of detecting the rearrangement of dislocations in 
stainless steel during electropolishing and subsequent handling of the 
specimen, and the results of the application of this technique to deformed 
stainless steel. 


f Present address: Istituto di Fisica, University of Bologna, Italy. 
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$2. EXPERIMENTAL TECHNIQUE T 

The principle of the method is to thin the specimen from one as ae 
et al. 1959, Thomas and Hale 1959), thereby retaining one unc is urbed 
surface on which the movement of dislocations during thinning can be 
detected. This rearrangement might be revealed in several ways, e.g. by 
etch-pit observations before and after thinning, or by decorating slip 
steps (Valdré 1961). In the methods adopted here use is made of the fact 
that when a dislocation moves, it leaves a slip trace on the surface due to 
interaction with the oxide or carbon film (Hirsch et al. 1956). Ths persi 
tence of the traces varies from metal to metal. In stainless steel 
persist over several days, and hence a slip trace formed on the und st 
surface during or after polishing will still be visible on electron micogr 
taken after the thinning process has been completed. 

Specimens of stainless steel (18/8, grain size 1-30 ) in strips of 2 by 0-5 
by 0:004in., were deformed in tension by various amounts, then Hehtüly 
polished in a 60% H,PO, and 40% H,SO, bath at about 60?c in order to 
smooth off slip steps. The specimen was then coated on one side with a 
double layer of ‘Lacomit’ varnish (Hirsch et al. 1959) and thin films were 
prepared by electropolishing from the unprotected side using the Bollmann 
method (Bollmann 1956). After thinning the varnish was dissolved with 
" Lacomit Remover’, and the specimens were examined at magnifications 
of 10 000-20 000 in a Siemens Elmiskop I, operating at 100 kv with a beam 
current of 6-8 pA. 

e if no rearrangement of dislocations takes place during or after thinning, 
dislocations appear without any slip traces (e.g. fig. 1(a), (b), (c)). If 
dislocations move during thinning, they produce single slip traces which lie 

on the surface previously protected by varnish. Such dislocations will 

therefore be associated with single slip traces on the micrographs (e.g. 

; fig. 1(a), (D). Any rearrangement due to mishandling of the specimen 
p after the smoothing treatment of the surface, but before thinning, will also 
be revealed by single slip traces associated with dislocations. 


Care was 
taken in handling the specimens between the two polishing operations to 
d such movements. Single traces could also be produced by disloca- 


í ons moving after thinning, if they rotate about one of their ends. 
Tf dislocations move after polishing, pairs of sli 


ae : 1 Ip traces are observed, 
h end f the dislocation (fig. 1 (2)) Such double traces can also 


Tr... 9 Clslocations which move during and after thinning. 
$ » : aie oted that if the dislocations rotate during SOF about a 
E - pomt o t d surf: such movements are not observable. 
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Fig. 1 


x 20 000 


(c) x 20000 


Specimens of stainless steel deformed (a) 0:595, (b) 29/5, (c) 10% im tension at 
25°c, subsequently polished from one side, after removing the slip 
steps. Dislocations associated with one trace (e.g. at X) or two traces 

(e.g. at Y) have moved during and after thinning respectively. 
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; evea ip steps clearly and without any 

icr pservations revealed the slip steps a 
EU arity due to etching, thus confirming the previous results of 
Mech et al. (1959). It appears therefore that the adherence of the 
‘Lacomit’ is satisfactory and that no significant etching takes place under- 


neath the varnish. 
$3. RESULTS 


3.1. Method of Analysis 


In order to study the effects of the amount and of the temperature of 
deformation on the rearrangements, observations were made ov: specimens 
deformed 0:5%, 1%, 2%, 4% and 10% in tension at room te. pera jare, 
and also on specimens deformed 2% in tension at 25 20,6020, 185°C, 15026 
and 200°c. Some observations were also made on the effect —- "eco ery 
time at room temperature before thinning. 

Figure 1 (a), (b), (c) shows typical areas of stainless steel deform... various 
amounts at room temperature. The dislocations occur partiy as siagle 
isolated dislocations, and partly in piled-up groups, some of which are 
converted into networks (Whelan e al. 1957, Whelan 1958). Some 
dislocations have no traces, others have single or double traces associated 
with them, showing that some rearrangement occurred during and after 
thinning. 

For the purpose of statistical analysis single dislocations and piled-up 
groups were treated separately. Any two or more dislocations on the same 
or closely spaced parallel slip planes were considered as a pile-up; pile-ups 
containing up to about 40 dislocations were observed, but the average 
number per pile-up was about five. For low deformations (0-5% and 

2% strain) two-thirds of the dislocations occurred in pile-ups ; at higher 
deformations this proportion decreased considerably. Very irregular 
dislocations, particularly in areas where observations of slip traces were 
difficult, were not included in the analysis. Altogether observations were 
made on about 18500 isolated dislocations, and on about 4000 pile-ups. 
Counts were made of the dislocations and pile-ups associated with no trace, 
one trace and two traces respectively. The lengths of the traces were also 
ured. In the case of pile-ups, if a trace occurred at all, it was usually 
ut not always) continuous. While the distance moved by the leading 
tion (fig. 2) could be measured, it was not possible to determine the 
of the other dislocations in the pile-ups unambiguously. An 
the possible movement of each dislocation was obtained by 
gth of the trace from its origin to the position of the 
on considered fig. 2). 

am s 1s orientations, and frequently 
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observations were made on a number of thin foils prepared from several 
tensile specimens for each deformation. Some of the micrographs were 


evaluated by three different observers; the results were generally 
consistent. 


| 
| 
f 


Fig. 2 


LEADING DISLOCATION 


ORIGIN OF THE TRACE 


Diagram illustrating a pile-up with a continuous slip trace, showing the * origin * 
of the trace and the position of the ‘ leading dislocation '. 


3.2. Effect of Strain 

Table 1 shows the proportion of dislocations and of pile-ups which moved 
during or after polishing for various deformations at room temperature. 
A pile-up was considered to have moved if at least one of its constituent 
dislocations showed a trace. For small strains (0:595, stress 11 kg mm-?, 
dislocation density 1:5 x 10?cm-?) about 10% of the dislocations and 
pile-ups moved during polishing, and about 2% and 7% respectively after 
polishing. Altogether about 15% of the dislocations rearranged 


Table 1. Variation with strain of percentage of dislocations and pile-ups 
which have rearranged 


Strain (%) 


(Temp. of deformation 0:595 295 4% 10% 
| 25°0) 
Stress (kg mm-?) 11 33 37 46 


MR 


Withltrace| 10:3+0:8 | 8:2+0-7 7+1 6:7+0:3 


Disloc. (96) E [xr TET —— 
With 2 traces| 2:1-0:3 | 1:54+0:3 | 0-140-1 | 0:06 0:03 


With 1 trace 9+1 10+1 TEZ 1344 


IPile-ups! (A F s = es | a 0» 
With 2 traces} 6:6+0:9 TA+0:9 0:4 4: 0-4 0:6 0:6 


iiic scri tcs Ree 
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themselves. For larger strains (2%, 33 igam, o e 
2-3 x 10? em?) the corresponding figures are 8% god 10 7o 2 an 2% 
and 7% after thinning ; in specimens strained 10 UA (stress : RED ; 
dislocation density 20x 10? em), 7% of the dislocations and 14% of 


had traces which did not terminate on the photographie plate; since these 
values are quite small, the distributions of lengths in fig. 3 can bc considered 
to be reliable. 

The histograms of the movements of single dislocations (fig. £ (3), (b, (c)) 
are rather peaked at small displacements of the same order as tie thickness 
of the foils (10004 to 3000). Thus for specimens strained 0:595 about 
59% of the slip traces are less than 30004 long ; for 2% strain this figure 
is 80% and for 10% strain 88%. The mean slip trace lengths (d) are given 
in table 2. It is clear that with increasing strain the average slip trace 


length decreases, so that rearrangement becomes less important at higher 
strains. 


Table 2. Average length of the movement of single dislocations (d) and 


of the upper limit of the movement of pile-ups (p) associated with 
single traces 


Strain 0:5% 2% 10% 


d (n) 0:4 0:3 0-2 
P (n) 2-4 0-9 0:35 


3. Variation with temperature 


of deformati f f 
dislocations and pile e M E 


-ups which have rearranged 
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Distribution of lengths of single slip traces, and of the upper limits of the lengths 
of slip traces, associated respectively with single dislocations (Ca), (6), (c)) 
and with pile-ups (L4), (B), (C)). Histograms (aA), (bB), (cC) correspond. 
to specimens strained in tension 0:5%, 2% and 10% respectively, at 
room temperature. The percentages along the ordinate axis are referred 
to the number of single dislocations and of those in pile-ups respectively. 
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In the case of piled-up groups the distributions of the upper limit of the 
dislocation movement (see above) are rather wider than for single disloca- 
tions (fig. 3 (4), (B), (C)). The average upper limits of the movements (p) 
are given in table 2 and are seen to be rather larger than the movements of 
single dislocations, particularly at the smallest deformations. ; It is possible, 
therefore, that the average movement of dislocations in a pile-up may be 
greater than that of isolated dislocations, but at the higher deformations 
the difference cannot be very large. 


3.3. Effect of Temperature 


Table 3 shows the results for specimens strained 2% at various tempera- 
tures. The proportion of dislocations moving is about the same for ai she 
temperatures investigated, although it may perhaps be somewhat gr«-.ter 
at the highest temperature. 

Figure 4 shows in histogram form the distribution of slip trace lengti;s of 
single dislocations for specimens deformed 2% at room temperature and 
200°c respectively. It is clear that the distribution becomes much nar- 
rower at the higher temperature, and about 80% of the traces are less than 
1000 long at 200°c, compared with about 60% at room temperature. 


Fig. 4 
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$4. CONCLUSIONS 

The results show that for the smallest deformation (0:594 strain) at room 
temperature about 159/ of the single dislocations move, but most of these 
move less than 30004. The movement of dislocations in piled-up groups 
is uncertain, but may be somewhat larger. While the degree of deforma- 
tion does not seem to affect the proportion of single or piled-up dislocations 
which rearrange, the average distance moved by single dislocations or 
iic-ups decreases with increasing strain. Although an appreciable 
‘ction of the single dislocations rearrange, the distances moved are 
on ihe whole rather small, so that the general distribution is little affected. 
Wita increasing deformation the rearrangement becomes even less 
ificant. 
I islocations in pile-ups may move further, but the movement is sufficien- 
tly small for them to retain their piled-up character, although the length of 
the pile-wps may be increased. On the whole the movement of the piled-up 
groups also leaves the general character of the distribution unaffected. 
There is no evidence, for example, that networks are formed merely as the 
result of rearrangement during thinning. The observed movements are 
compatible with those expected from relief of internal stresses, and shorten- 
ing of the dislocation lines by rotation in their slip planes. In view of the 
presenceofso many piled-up groups itissomewhat surprising that rearrange- 
ment is so relatively small ; this may be partly due to the fact that, as the 
radius of interaction of a dislocation decreases with decreasing thickness 
of specimen, the magnitudes of the opposing stress-fields controlling the 
equilibrium. positions of the dislocations decrease together, and partly 
because the dislocations are locked in position by frictional forces due to 
jogs or solute interaction. With regard to the possible change in disloca- 
tion density as a result of thinning, it should be noted that translations of 
ocation density, whereas rotations do 


dislocations do not alter the disl 
produce such an effect. It appears from the electron micrographs that the 
distance between the surfaces in 


dislocations tend to lie along the shortest t t 
their slip planes. Itis possible, therefore, that the dislocations may have 


rotated into such favourable orientations during thinning, and some of the 
single slip traces observed may be due to movements of this type. More- 
over rotations about points in the protected surface are not detectable, so 
that the change of dislocation density due to this effect cannot be deduced 
from the experiments. However, an order of magnitude of the possible 
reduction in density can be estimated by assuming that all the single traces 
are due to rotation. In this way, itis found that the possible reductions in 
density vary with increasing deformation between. 9% and 2% for single 
dislocations, and between 30% and 8% for pile-ups. A theoretical estimate 
of the expected change in dislocation density may be made by assuming that 
pefore thinning the dislocations lie at 45° to their optimum directions ; 
the reduction in density would then be about 30%. 

Attempts are being made at present to detect the rearrangement in 
metals which form cell structures after deformation. 
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Note added in proof.—Since this paper was submitted for publica^:5n, 
Ham (1962) has reported experiments on an Al-0-5 at. % Ag alloy, w ch 
suggest that the dislocation density is reduced during thinning of tnis 
material to less than half its original value. These results are discusse 
by Hirsch (1963). Mader et al. (1963) have presented evidence that | 
dislocations near the edge of a foil can escape particularly easily. it d 
should be emphasized that the observations reported in the present paper 
have been confined entirely to regions far away from the edges, so that the 


results should not be affected by dislocations slipping out of the edge of the 
foil. 
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ABSTRACT 1 


i 


The structure and mechanism of formation of the tarnished layer formed 
on «-brass when it is immersed in a copper sulphate-ammonium sulphate— 
ammonium hydroxide solution of pH 7-2 has been studied. The mode of 
formation of cracks in this layer when the brass is deformed has been investi- 
gated and the various shapes of crack observed are explained in terms of the 
orientation of the slip vector relative to the surface. It is shown that these 
cracks localize further chemical reactions when the specimens are subsequently 
re-immersed in the solution and that, by a process of repeatedly and 
separately deforming the specimen in tension and re-immersing it in the f 
solution, small, transgranular, crack-like penetrations can be propagated into | 
the brass. The relation of these observations to the phenomenon of stress f 
corrosion of «-brass is discussed, and the general importance of passive, i 
embrittled, surface layers to the stress-corrosion of other systems is indicated. 


§ 1. INTRODUCTION 


Tue importance of surface films in determining the mechanical properties 
of metals is evident from a great many different observations. For 
example, the early work of Roscoe (1934) and, later, that of Barrett 
(1953) has shown how the movement of dislocations in the underlying 
metal can be restricted considerably by the presence of a layer of oxide on 
the surface. Further, Brame and Evans (1958) have recently studied the 
effect of various deposited metal films on the deformation of single crystals 
of silver. They were able to show, for example, that the mode of 
deformation of the silver depended on the nature of the film, on the degree 
of crystallinity, and on the degree of misfit between it and the substrate. 
The idea that the phenomenon. of stress-corrosion can be explained by the 
formation of protective films by the corrosive environment and the 
subsequent breakdown of these under stress has been developed in many 
ways (see, for example, the many contributions to Stress-Corrosion 
Cracking and Embriltlement, Ed. W. D. Robertson (Wiley) and. Physical 
Metallurgy of Stress-Corrosion Fracture, ASTM Conference 1959 (Inter- 
science)). Although it now seems unlikely that the continued propagation 
of a stress-corrosion crack can be explained by the intermittent formation. 
and breakdown of a protective film, it does seem possible that localized 
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The formation of a thick protective film of oxide on aluminium, ai d the 
development of a passive layer on stainless steel in chloride ep anc: s are 
well known, of course. However, although the importance of the £ a is 
clearly indicated it must be emphasized that the rupture of a passiv ; “ilm 
alone is insufficient to explain the deep cracking observed in stress 
corrosion. i 
The importance of the occurrence of surface films when a-brass is 
stressed in ammoniacal solutions has been emphasized recently by the 
work of Mattsson (1961). A series of specimens of brass (70% copper, 
30% zinc) was tested under identical stress conditions in different solu- 
tions containing ammonium hydroxide, copper sulphate and ammonium 
sulphate, in which the relative amounts were adjusted to give a range of 
pH values from 3-9 to 11-2, keeping the copper content and the ammonia 
content constant. Mattsson found that in solutions having low and high 
pH values, the time to failure was long ( ~20 hours) 


between 6-3 and 7-3 the specimens failed within one 
able to correlate this behaviour 
on the surface of the brass in tl 


, Whereas at pH values 
or two hours. He was | 
with the nature of the tarnish developed 
ne various solutions. At those pH values 


i the tarnish was particularl y well developed 
as a continuous, hard, shiny, black layer over the surface of the brass. At 


PH values outside the range 6-3 to 7-3 the metal was generally free from | 
gs being observed only in the ranges 3-9 to 
y re ee ni: E 3; est that in the case of the -brass 
ystem also, the tarnish film plays an import (b d 
process of crack formation. Sal m e 
; The work reported in the 
investigate the formation of 


ae of eee used by Mattsson 
ayer when the specimen i 
d eme uum ; correlate the occurrence of 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Influence of Surface Tarnish on the Stress-corrosion of «-brass 249 


and many of the current explanations seem to fail because they deal 
inadequately with one or other of these aspects. However, these last 
observations would seem to demonstrate the importance of both chemical 
environment and stress in the formation of stress-corrosion cracks on a 
more or less equal basis. 


$2. EXPERIMENTS AND OBSERVATIONS 
2.1. Nature and Mode of Formation of the Tarnish 


All the tests described in this paper were made in the kind of solution 
used by Mattsson in his investigation of the effect of degree of acidity or 
cJ kalinity on the stress-corrosion of a-brass. This was a mixture of copper 
sulphate, ammonium sulphate and ammonium hydroxide in water, with the 
-clative amounts adjusted to keep the total copper content constant at 
0-05 g-atom per litre, and the total ammonia (NH,) content at 1:00 g-mol 
per litre. A composition giving a nominal pa value of 7-2 was selected 
for the experiments since this was within the range of values for which the 
well developed, black tarnish layer is formed. It is not possible to state 
the value of px accurately for any one test because these solutions exhibit 
ageing phenomena, with the precipitation of basic copper sulphate leading 
to slight changes in acidity. It was observed that the thickness of the 
tarnish produced on similar specimens in equal times varied from one 
test to the next and it is possible that this effect was due to the variation in 
pH of the solutions. : Y 

The specimens of brass used for the tests were either single crystals or 
large-grained polycrystals, usually consisting of only two or three grains 
with grain boundaries extending along the length of the specimen. They 
were grown from melts of a stock of pure brass having a nominal compo- 
sition of 70% copper, 30% zine. Some dezincification occurred during 
re-melting and, therefore, the actual composition, judged from the change 
in volume, was probably approximately 715% copper, 25% zine. The 
specimens were prepared as rectangular slabs having dimensions approxi- 
mately 60 mm x 5mm x 3 mm, carefully mechanically polished and finally 
electropolished in a phosphoric acid bath. They were carefully rinsed 
and dried before immersion in the tarnishing solution. 

The first observation to note is that the tarnishing reaction penetrates 
into the brass with little or no change in overall surface level. This can 
be demonstrated by immersing only part of a specimen in the solution and 
then examining à cut-and-polished section through a plane normal to the 
liquid-air interface. For example, fig. 1 shows such a section of a specimen 
which has been partially immersed for two hours. The layer of tarnish 
which has been developed where the specimen was immersed is clearly 

revealed by the dark, non-reflecting zone. The outer edge of the zone is 
coincident with the original surface of the metal, whereas the inner edge 
marks the depth to which the tarnishing reaction has penetrated. In this 
particular case the reaction has proceeded to a depth of about 10 microns. 
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| Fig. 1 


Section of a specimen which has been half immersed in the tar 


"nishing solution. 
x 640. E 


Fig. 2 


Elec i 
: ectron micrograph of tarnish platelets, x go 000 
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This observation clearly excludes the possibility that the tarnish is formed 
as a deposit of a new phase from the solution. We shall present evidence 
shortly which indicates that cuprous oxide is a major constituent of this 
reacted layer, possibly in the form of a dispersion of platelets in the metal 
matrix. Sections such as that shown in fig. 1, where there is no detectable 
change in volume and no indication of cracking in the tarnish to mark the 
relief of stresses set up by the reaction, suggest that the tarnishing reaction 
ico involves the exchange of material between the metal and solution. 

. accommodation of oxide in the matrix in this way, without gross 
changes in volume or shape, and without internal cracking, can be 

derstood only if there is an outward diffusion of material to balance the 
josward diffusion of oxygen. Itis known, of course, that brass ' dezincifies’ 

ammonia solutions, and it is possible that the outward diffusion of zinc 
.ontrols the inward penetration of the oxidizing reaction. The nature of 
the reaction will be discussed further in the final section of this paper. 

Examination at various positions along the edge of a sectioned specimen 
from the water-line downward, shows that the tarnish is thickest just 
below the water-line, and tapers to a fairly uniform thickness deeper in the 
solution. This is consistent with the idea that the tarnishing reaction 
uses up free oxygen dissolved in the solution. 

Some of the tarnish formed on the surface of a specimen after immersion 
in the solution for about two days was examined in the electron microscope. 
Figure 2 is a transmission electron micrograph of a small area of this 
tarnish. This is part of a thin flake stripped from the surface on a 
plastic backing. It can be seen that it consists of small platelets, about 
500 & in diameter, intermeshed to form an almost impervious layer. 
Electron diffraction for a region such as that in fig. 2 shows a pattern of 
spots, typical of that obtained from a single erystal, indicating that the 
platelets are all similarly oriented (see figure 3). This might be expected 
if, as seems likely, the initial formation and growth of these platelets is 
governed by the orientation of the original brass. A ring pattern is 
sometimes obtained if the specimen has been damaged by mishandling or 


by heating and curling in the electron beam. Such a pattern indicates that 


l the tarnish is most probably cuprous oxide. ) ; ah 
s A section taken through this kind of specimen (i.e. after immersion in 

| the solution for two days) examined in the optical microscope shows two 

| kinds of tarnish. There is & very dark layer at the free surface, beneath. 
which is the more usual lighter coloured zone illustrated in fig. 1. It 
is likely that the specimens prepared for the electron microscope consisted 
of this very dark layer. It is possible that the dark layer is, in fact, 
purely cuprous oxide formed by the completion of the tarnishing reaction 
at the surface. This might be expected since, although the tarnishing 
reaction will be slowed down as the reaction front penetrates deeper into 
the metal, further chemical reactions can take place at the solid-liquid 
interface, and it is possible that here the remainder of the zinc is extracted, 
and the copper is converted completely to oxide. 
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2.2. Rupture of the Tarnish Films 

In this section we describe the ways in which the tarnished layer cracks 
when the underlying brass is deformed. We shall show in the next section 
that this cracking determines to a large extent the manner in which further 
chemical attack proceeds when the specimen is subsequently re-immersed 
in the solution. 

Ef the tarnish is thin, corresponding to an immersion time of a few 
hours, then the cracks in the tarnish tend, in general, to follow lines of slip 
in the underlying brass. Cracks in tarnish produced by longer periods 
c: zmmersion (of the order of a few days) tend to nucleate at slip bands 
2/25, but their paths do not follow the slip lines so closely. 

‘he cracking of thin films of tarnish can occur in two ways. Some 

.oks are long and straight and clearly follow the traces of slip bands. 
Gshers are short and lie in rows. Examples of both types of crack are 
shown in fig. 4. Although each row as a whole follows a slip line, in- 
dividual cracks are inclined to the line at approximately the same angle. 
These are described as ‘ S-shaped ’ cracks, although in many cases they 
are largely straight, and their ends curve only slightly. Similar rows of 
short cracks have been observed by Edeleanu and Law (1962) on the 
surfaces of crystals of aluminium which have been anodized and then 
deformed. 

The type of crack observed depends largely on the method employed to 
deform the brass. For example, it is found that when specimens are 
deformed in three-point bending both types of crack are present, although 
in general only one set of slip planes is operating. Moreover, the S-shaped 
cracks appear in two distinct orientations relative to the slip traces ; 
this can be seen in fig. 4. However, when the tarnished brass is deformed 
in tension, S-shaped cracks occur only along those slip lines which make 
an angle with the tensile axis which is considerably less than 90 degrees. 
This is illustrated in fig. 5, which shows long, straight cracks associated 
with the family of slip lines running nearly normal to the tensile axis, and 
S-shaped cracks associated with the other family. Only one orientation of 
S-shaped crack is observed in this case, and this seems always to be formed 
so that its straight portion is normal to the tensile axis. S-shaped cracks 
are never observed if the slip line makes an angle with the tensile axis which. 
is close to 90 degrees. It is frequently found that when specimens are 
deformed in tension two sets of slip planes operate, and it is always the 
rule in these cases that the set of lines which is nearly perpendicular to 
the tensile axis gives rise to long straight cracks in the tarnish, and the 
set which makes a small angle with the tensile axis gives rise to S-shaped 
cracks. Figure 5 is an excellent example of this kind of behaviour. 

From these observations itis clear that, in general, the tarnish ruptures 
in the immediate neighbourhood of those regions which are highly stressed 
by slip occurring in the underlying brass. The various forms of cracking 
can be explained by considering the ways in which the active slip direc- 
tions are oriented relative to the tarnished surface. The crack patterns 
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Fig. 5 


Crack patterns produced in the tarnish by deforming the specimen in tension, 


Tensile axis horizontal. x 360 


Fig. 6 
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described above are observed in this simple form in the early stages of 
plastic deformation, and, therefore, the active slip planes must be inclined 
close to the optimum angle with the tensile axis for slip to occur. It 
follows that those slip traces which are nearly normal to the tensile axis 
have a slip vector with a large component normal to their length. At these 
traces the slip in the underlying metal tends to raise steps in the surface 
md this, in turn, produces long straight cracks in the tarnished zone. 


& 


r 


“hose traces which make a smaller angle with the tensile axis represent 
“ear with a large component parallel to the surface. There are no 
c;preciable slip steps raised in the surface in this case, and therefore no 
continuous cracking occurs here, but there is apparently sufficient adhesion 
hstween the brass and the layer of tarnish for the latter to be sheared. 
Since the tarnish layer is relatively brittle this tendency to shear is | 
-olieved by the formation of rows of small cracks. A similar explanation 
for the appearance of rows of cracks in anodized layers on aluminium has 
been put forward by Edeleanu and Law (1962). The direction of the 
tendency for shear in the tarnish, that is, the orientation of the slip trace 
with respect to the tensile axis, determines the orientation of the S-shaped 
cracks. It is readily seen that the straight portions of the cracks which 
are formed by this mechanism lie approximately normal to the tensile 
axis, so that when specimens are deformed in tension all the S-shaped 
cracks formed in the tarnish face the same way. In the case of specimens 
which are deformed in three-point bending all three slip directions are 
possible, even if only one family of slip planes is operating. "Therefore, 
it is not surprising that long, straight cracks and S-shaped cracks of both 
kinds are found in the same part of any one specimen (cf. fig. 4). 

If specimens are further deformed, then some of the active slip bands 
work-harden, thus bringing other slip bands into operation. This results 
in many new cracks being formed in the tarnish. If the slip planes are 
oriented so that S-shaped cracks are produced, then these join up, and 
eventually, when the specimen is heavily deformed, form a high density of 
cracks running approximately normal to the tensile axis. Figure 6 shows 
the complex crack pattern produced in the tarnish in this way when a 


specimen is heavily deformed in tension. 


2.3. The Localization of Further Chemical Attack by Cracks in the Tarnish 


Tt is well known that reacted layers formed on the surface of a metal by 

al corrosion often serve to retard that reaction, and, therefore, it 
was of interest to investigate the subsequent chemical reaction which 

| occurred when a specimen with a cracked tarnish surface was re-immersed 

| in the solution. It will be shown here that a tarnishing reaction occurs 

at the tip of each of the cracks in the tarnish, and that, by a cycling 

process, consisting of repeatedly and separately deforming the specimen in 

tension and re-immersing it in the solution, crack-like penetrations can be 

propagated into the brass. The depth of these penetrations was in- 

| vestigated as a function of the number of cycles to which the specimen had 


chemic: 
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been subjected, the length of time it was ee in ees aN | 
the degree of deformation of the specimen above E cd S P = E 
procedure for a typical experiment will be describe Blow. & 
several variations which were carried out vill be described s SCR RE 
All the experiments to be described in this section ies ud m = 
specimens which had been tarnished by immersion in t : ? u i SE Ue | 
hours. These specimens were stressed in tension until p ae ic Bs 2i ane 
just occurred. This was marked by a yield olan ae n s Sus s 
curve at a tensile stress of the order of 320 Kg/em". During us p í 
reported here no marked yield point of the specimens due to the presence 
of the tarnish was observed. m 
The deformed specimens were re-immersed in the solution for a period, 
then taken out, washed in running water, rinsed in alcohol, and dried ja 
| a stream of hot air. The specimens were then replaced in the tensome seat, 
: | again deformed in tension until they yielded, removed, and re-immersec. a 
| the solution for the same period as before. These operations were ve | 
peatedly carried out for a number of cycles, and each test was alw. $ | 
arranged so that the last operation was that of deformation. ‘The | 
specimens were handled with stainless steel tweezers, the arms of which | 
H 
| 
| 
| 


had been carefully stopped off with ‘Lacomit’, so that there was no 

possibility of any reaction between the brass and the stainless steel. At 

the end of an experiment a portion of the specimen was cut off, mounted 

in plastic and sectioned through a plane parallel to the tensile axis. | 
The polished sections were then examined in the optical microscope. 

On examination of the polished sections it was found that such a cycling 
process causes the tarnishing reaction to penetrate the brass along localized 
paths (see, for example, figs. 7, 8 and 9). These penetrations appear to 
consist of a series of small tarnished regions which are joined to each other 
in a line. Each of the penetrations is cracked down the central line. 
N either the penetration nor the crack seems to follow any definite crystallo- 
graphic direction; both are, in general, perpendicular to the tensile axis. 
e est ao in any experiment was always a tensile pull 

; never unambiguously observed that the crack penetrated 
beyond the tarnished region into the untarnished brass. 

The process by which these penetrations propagate into the brass is 
probably one in which the tarnished Tegiot 
existing crack during the period of re 
cracked by the subsequent deform 
continuous operations gives rise to th 


————G 


: € of penetrati : 
tained. p ation can be main- 


To investigate the influence of the period of re 
of penetration of the tarnished regions, several s 


i : 3 pecimens wer 
times each, whilst the period of. re-immersion wa, e cycled ten 


| 
| 
| 
| 
immersion on the depth | 
| 
8 varied from specimen to | 
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Fig. 7 


| Section of a specimen which has been cycled ten times. Tensile axis horizontal. 
x 640. 


a specimen which has been cycled 20 times. Tensile axis horizontal. 


Section of R 


P.M. R 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


o_O 


| 
Digitized by Arya Samaj Foundation Chennai and eGangotri | 


A. J. Forty and P. Humble on the 


| 
| 
| 
| 


TU 


Section of a specimen which has been cycled 50 times. Tensile axis horizontal 
x 640. 


Fig. 10 


Section of a Specimen which has been cycled 20 times 


O Tensile axis into page. 
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specimen. When the period of re-immersion is 5 min, the depth of pene- 
tration is only about 2 microns, but when the period is 30 min the pene- 
trations extend to a depth of about 10 microns below the surface of the 
specimen, Further increase of the re-immersion time to 60 min produces 
no increase in the depth of penetration ; this is probably because the 
extents of the tarnished regions in front of the advancing crack produced 
after half an hour and after one hour are approximately the same. All the 
penetrations are roughly 1 or 2 microns in width. 

If the period of re-immersion is kept constant at 30 min, but the number 
of cycles is increased to 20, then the depth of the penetrations is approxi- 
racsely doubled. Increasing the number of cycles further to 50 produces 
& corresponding increase in the depth of penetration (i.e. approximately 
59 or 60 microns). In these cases, however, there was evidence of cross- 
cracking occurring between penetrations. This only occurred near the 
surface of the specimen, and merely served to advance the general corro- 
sion front without blunting the individual penetrations. Figures 7, 8 and 
9 show sections of specimens which have been cycled for 10, 20 and 50 
times respectively, the period of re-immersion being 30 min for each 
specimen. 

Some specimens were cycled ten times with the period of re-immersion 
constant at 30 min and deformation at a stress level appreciably over the 
yield point. Work-hardening occurred in this case, but this did not appear 
to inerease the depth of penetration. It would seem, therefore, that the 
depth of penetration is independent of the applied stress above the yield 
point. : : : 

Specimens sectioned through a plane perpendicular to the tensile axis 
show that the tarnished areas are approximately fan shaped (fig. 10), the 
plane of the fan being perpendicular to the tensile axis. The structures 
bserved in the tarnished regions revealed in both types of 
ach other, and, as we have indicated 


he intermittent nature of the chemical 


which may be o 
section correspond closely with e 
above, both are probably due to t. 


attack. 
It would seem from these experiments that, by a process of alternately 


tarnishing a brass specimen and deforming it in tension, it is Pee to 
propagate transgranular cracks into the specimen. pees ats ae 
contained within tarnished regions. The depth of penetration of these 
cracks depends directly on the number of cycles to which the specimen is 
subjected, and on the time for which it is re-immersed in the solution, but 
seems to be independent of the degree of deformation of the specimen 


above the yield point. 
$3. DISCUSSION 


There is little doubt that the phenomenon which is reported here em 
kind of stress-corrosion cracking. It would have been impossible to 
propagate the crack-like penetrations without the application of both the 
tensile stress and the ammonia solution. However, the tests described 
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here differ from normal stress-corrosion tests in two ways: ube o 
used is a special one chosen so that the tarnishing ein rs x , 
visible, and the stress and the chemical environment are alternately, and 
imultaneously, applied. 
See m omi that this type of solution will produce stress 
corrosion cracking in «-brass in the more usual form of test in which che 
stress is applied continuously, it is reasonable to assume that the m Si 
itself imposes no undue restrictions on the phenomena which are obser ved. 
Perhaps it should be mentioned here that Mattsson observed a SHange in 
the type of cracking as he varied the pH of his solutions. The solution 
having a pH value of 7-2, which we have been using in our ex periments, ve 
found by Mattsson to produce mainly intererystalline cracks. Indes ,in 
the present tests there was extensive intercrystalline cracking in addi ion 
to the small transgranular cracks described above. In some cases this 
effect was so severe that whole grains became almost totally detached from 
the specimen. 

It is usual in stress-corrosion tests to apply a static tensile load to the 
specimen whilst it is in the corrosive environment, and perhaps the most 
unusual aspect of our work is the alternate application of the tensile stress 

| and corrosive environment. However, there is good precedent to indicate 

that the tests in which the specimen is continuously stressed are closely 
similar to the cycling tests described here. In the literature on stress 
corrosion there are many reports which state that the cracking is inter- 
mittent. Each burst of cracking seems to be mainly mechanical in nature 
and follows an induction period during which only chemical action takes 
place. These reports consist of mar 
(Edeleanu 1959) and electrical ( 
Baumel 1959), all of which 


y 


ad this is then cracked. Tt 
rosion test in which the specimen 
gulates itself to one in which the 


pecit ort of test seems to be merely a 
| limiting case of the cycling tests described in this paper. Itis pode 
point out in this connection that the rate of cracking (approximately 

: E per ae observed in our experiments is considerably lower : 

nan that normally fo i ional i | 

pue cea. al test. This can be expected | 

| 

| 

if 


between the cracking and corrosi is li 

he | rosion phases is ] 
to be optimized in a continuous test. The cycling us have th ae 
vantage that they clearly illustrate the ad 


respective roles of th i 

‘ d € o e tensile 

S S. aan E c envir ducing stress-corrosion cracking 
evi that the tarnishi ion 

> B ` n 

pr oceeds into the interior of the brass from the surface o. m 

changes in ae pue of the surface layers. We have also dcc a 

in agreemen 1 j ; 

es ue RB a EU : he main constituent of the 

on the tarnish show clearly that ilie ae e ecteee 


ws in the form of thin plates, 
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probably initially oriented within the brass, and eventually forms a scale- 


? like structure as the reaction proceeds to completion. Thus the reacted 
layer may be described as a dispersion of platelets of cuprous oxide in a 
brass matrix which is probably deficient in zinc. 
Fig. 11 Í 
a 
m 
| 
i 
L 
| A 
; si 
— - ———— i 
Part of sectioned surface before immersion in ammonium chloride solution. 
x 1200. 
Fig. 12 
: z 3 Aa 


Part of sectioned surface after immersion in ammonium chloride solution. f 
x 1200. 


m. 


Further evidence for the existence of such a structure can be derived 
from the following observations. After etching some of the sectioned 
surfaces with acidic ferric chloride, it was found that, whilst the surface of 
the brass was etched in the normal manner, the tarnished regions around 
the penetrations were completely removed, leaving wide grooves. It was 
then found that if the section was lightly polished with Brasso the cracks, 
which had previously run through the tarnished regions, re-appeared. 
They now seemed to be fine cracks actually running through untarnished 
brass. Further polishing restored the dark coloration around each of the 
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cracks, typical of the original appearance. This effect could also be 
produced by immersing the specimen in an aqueous solution of ammonium 
chloride, which is a solvent for both cupric and cuprous oxide, but which 
does not etch the brass surface. These observations are illustrated by 
the following micrographs. Figure 11 shows the original appearance of 
the crack-like penetrations. Figure 12 shows the same area after immer- 
sion in the ammonium chloride solution, and fig. 13 shows how the cracks 
appear after light polishing. ; 3 

Although the explanation of this effect is uncertain the experiments 
themselves were entirely reproducible, and in this respect were reii: 
It is possible that immersion in a solvent for cuprous oxide removes this 
thus destroying all traces of the tarnished zone. Since the dissolutic: t is 
vigorous, any brass remaining in the tarnished zone near the free suris, 52 Is 
also removed, but just below the surface the brass is less easily detached 
although the oxide is still dissolved. The loosening of the particiss of 
brass during the dissolution of the oxide is indicated in fig. 12 by the 
appearance of small black specks on the surrounding surface. The light 
polishing moves the section down to a level where the brass is not detached, 
and here we see the fine cracks apparently lying in a matrix of brass. It 
would appear, therefore, that the cracks are propagating through an 
embrittled, reacted zone which is still relatively rich in brass. 

The kind of structure described above provides an embrittled surface 
layer against which dislocations can be expected to pile-up, and which will 
crack under the stresses concentrated in this way. Cracks in the surface 
tarnish expose the underlying metal to the chemical environment so that 
further tarnishing can take place there. The newly reacted zone cracks 


on further application of the stress, allowing further chemical action, and, 
consequently, further penetration. 


One of the requirements for crack for 
centrated by the piling-up of dislocati 
of dislocations can be incorporate 
favoured if the metal has low st 
dislocations cannot readily cross 
recent observations that the sus 
greater in alloys having low 


mation under the stresses con- 
ons is that a sufficiently large number 
d into the pile-up. This is clearly 
acking-fault energy, since extended 
"Slip. This might well account for the 
ceptibility to stress-corrosion cracking is 


stacking-faul "o r 
ana DT g-tault energies (Robertson and 


in terms of the different solubilitie 
1S unsatisfactory in view of the fa 


The explanation for those observations 


energy arises 
haviour close 


It might be 
propagation 
8 happening, 
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although a concentration of stress can exist at the tip of the penetrations. 


r HYS x s » > : 0L. D i 
| T his can be seen from fig. 14 which shows slip lines formed at each pene- 
tration in a specimen which had been sectioned and then stressed. 
Fig. 13 
| 
| 
i 
li 
| 
a i 
i 
ME ; e , 
Part of sectioned surface after light polishing. x 1200. T 
i 
Fig. 14 | 
x 


Surface of a section which has been deformed, showing stress rising qualities of 
the penetrations. x 640. 


In the particular system reported here, the nucleation of transgranular 
cracks follows the formation of a passive, embrittled layer and the sub- 
sequent breakdown of this by yielding of the underlying metal. Stress- 
corrosion cracking in other systems might be explained by a similar 
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mechanism. Certainly in the case of stainless steel tested in hot gHOrde 
solution the formation of a passive layer and the breakdown zi this appears 
to play an important part. There is also some Qu eBay ies es! 
ent of the steel is preferentially removed (Reed and Paxton 1960) anc if - 
could well lead to an internal oxidizing reaction as in the present base os 
brass or, alternatively, to the formation of a deep, porous, embrittled ae 
in the way suggested earlier by Forty (1959). Although there = Ho al: T 
evidence that a passive layer is formed on the surface of comua porc 
specimens placed in ferric chloride solution, it is known that the sopper is 
preferentially removed by this reagent (Bakish and Robertson 1956) eu 
again, this can lead to surface embrittlement. There are purus 
reports that in all three systems marked stress-corrosion cracking occurs 
only after the onset of plastic deformation in the specimens. By adopting 
the procedure of alternately stressing and corroding the specimens we have 
been able, in the particular case of «-brass in Mattsson solutions of pu 7-2, 
to isolate and recognize general features which may well be applicable to 
other stress-corrosion systems. 
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ABSTRACT 


——Po€ 


Specimens of pure pile graphite have been irradiated with electrons in 1 

l nitrogen, and the annealing of the resultant thermal and electrical | 

‘ity inereases has been studied. An anomalous increase in thermal 

> tivity has been found between 220?x and 280?x. The effect increases 

f rapidly with the dose, and is ascribed to the formation of small complexes of 
interstitial atoms. Comparison with other recent low temperature work 
in graphite suggests a simple model of the behaviour of Frenkel defects. 


§ 1. INTRODUCTION 


| SoME of the outstanding features of basic irradiation damage processes in 

| graphite were first established by Austerman and Hove (1955). They 

| irradiated samples of pile graphite in a beam of 1:25 Mev electrons at 4°K, 

| and then studied the annealing of the resultant increase in resistivity at 

| 4°x by successive one minute anneals to temperatures up to about 300°K— 

the so-called pulse annealing method. They found that no significant 

| changes took place up to about 80°x, but that from 80?x to 110°K inverse 

| annealing occurred with an additional increase of resistivity of about 

| 30-40%, of that due to the initial irradiation. Thereafter the resistivity 

| tended back to its original unirradiated value with no further significant 

| features. Blewitt (1961) has since shown that similar results are obtained 

| by neutron irradiation of pyrolytic graphite, so that the effects do not 

| appear to depend on the crystalline structure or impurity content of the 

| graphite, nor on the use of low energy electrons. ; 

[ Previous work at Harwell (Reynolds and Goggin 1960) showed that the 
anomalous Austerman resistivity peak was more complex in structure than 

had been supposed and that it was accompanied by negative annealing 

peaks in Hall effect and magneto-resistivity, so that both the mobilities and 

densities of charge carriers must be involved. The results may be explained 

in terms of the dispersal of close vacancy-interstitial pairs between 80°K 

and 110°x, followed by the onset of complex annealing processes at about 

200°x. A detailed study of thermal and electrical conductivity has there- 

fore been carried out over a wider dose range, with the object of checking and 

extending the suggested model. Some work on these properties has been 

described by Deegan (1956), but the sensitivity of his experiments was 

insufficient for definite conclusions to be drawn. 
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$2. ExPERIMENTAL METHOD : r 

The apparatus used was adapted from that described in connection with 
the earlier experiments. The specimen is a pure pile graphite rod 3mm 
square and 25mm long, the ends being copper-plated and soldered onto 
copper end-blocks. Each end-block is hollow, being supported on a pair 
of double stainless steel tubes to permit the internal circulation of liquid 
nitrogen, and is wound with a heater wire. Three 0-008 in. holes are drilled 
in the specimen at 6 mm intervals, for the insertion of 40s.w.g. chromel- 
alumel thermocouples, the outer two couples also serving as voltage probes. 
The rigs are supported in a vacuum system pumped to better than 5 x10— 
mm Hg for measurements and the electrical and thermal conductivities are 
determined simultaneously by the Kohlrausch Method, the specimen bei::c 
heated by a direct current while the ends are cooled by a continuous flow of 
liquid nitrogen through the copper end-blocks. From measurements of 
the current through the sample, the voltage across it and the parabolie 
temperature distribution as determined by the three thermocouples it is 
possible to evaluate both the electrical and thermal resistivities of the 
specimen, mean values being taken of several results with the current 
flowing in each direction. This procedure is repeated with the current 
adjusted to give successive centre temperatures of 8, 9, 10, 11 and 12?c 
above liquid nitrogen temperature. From these data it is possible to 
evaluate the thermal and electrical resistivities of the sample at a standard 
reference temperature of 90°x, the corresponding temperature coefficients 
being determined at the same time. 

The values of electrical resistivity obtained for unirradiated s 
were in the range 1000-2000 micro-ohm em, while for thermal cond 
the values were in the range 0:15-0:25 cal em— deg sec, 
results were obtained by Smith and Rasor (1956) 
graphite. In the case of thermal resistivity the te 
was about — 2:5% dego-1, while for electrical resistivit 
degC-; but the results were not sufficien 


amples 
uctivity 
Comparable 
for a similar type of 


i y it was — 0:3% 
tly sensitive to determine any 


, allowance being 
fe, and were found to be repro- 
rmal resistivity were 
5%), while electrical 
After irradiation the repro- 
Sistivities was approximately 


- Measurements of the 


a s % (occasionally + 0. 
resistivity was reproducible to + 0-029/. y o 
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change of about 5-10% per hour, runs of 1-23 hours being completed. 
The temperature of the specimen was continuously monitored during 
irradiation by means of the centre thermocouple, to ensure the temperature 
rise was less than 2°c. The electrical resistance was also monitored and 
showed that the increase was linear with dose up to about 1095, but at 
higher doses the rate of change fell otf. 

5nnealing was carried out using the heaters wound on the copper end- 


$3. RESULTS 
its obtained are shown in fig. 1, which gives the relative changes 
nd electrical resistivities as functions of annealing temperature. 
They ave all been normalized to fractions of the initial changes on irradi- 
ation, which were found to be about the same for both electrical and thermal 
resistivities. About a dozen runs were successfully completed and three 
typical sets of data are presented to show the effect of increasing dose. 
Figure 1 (a) shows the results obtained on a specimen which had a dose 

corresponding to an initial electrical resistivity change of 3:676. The 

electrical resistivity closely follows previously published results, while the 

thermal resistivity shows rapid recovery above 180°K, but the scatter is 

too large to resolve any other features. 


Fig. 1 
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Figure 1(b ) refers to a specimen with an initial electrical resistivity 
change of 7:5%. The thermal resistivity again shows a rapid decrease 
starting at about 180?x, but exhibits an anomalous peak in the region of 
280?x. The electrical resistivity peak has now acquired a slight shoulder 
on the high temperature side. 

Figure 1(c) shows the results from a considerably higher initial dose 

(abo: 1t 23% resistance change). The anomalous peak in thermal resistivity 
much higher, approaching twice the initial change, while the electrical 
vity Teak is lower, with a much more pronounced shoulder at 220— 
. These results are for Acheson grade ‘A’ graphite. The results from 
cien of Powell Duffryn fine grain graphite are also shown in fig. 1 (c). 
Tis material is prepared from the same raw material as grade ‘A’ graphite 
bus is compressed rather than extruded and less binder is used in its 
eture. Its behaviour shows good agreement with that of grade 
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Increase of peak height of thermal resistivity with initial resistivity 
change. 


Figure 2 shows the variation with dose, measured in terms of the initial 
resistance change, of the height of the anomalous thermal resistivity peak, 
for all the specimens which were successfully measured. One point falls 
well below the line but owing to the sharpness of the anomalous peak. itis 
difficult to get a very accurate estimate of its maximum height. 


§ 4. Discussion 
In Austerman’s work, already referred to, the use of 1-25 mev electrons 
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tron irradiation, it is 
Since Blewitt obtained a similar effect from e dA ene ed 
assumed that the behaviour in the neighbourhooc o 
is characteristic of vacancy-interstitial a ded e EE 
Some general conclusions relating to this 2 x nos mes 
properties are summarized in fig. 3, which is a re AR oon. qus 
previously given with the essential annealing m =: m ns 
shows the relationship between the reciprocal of the e A 
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Variation of reciprocal of electron mobilit 
during irradiation and annealing. 


y with density of trapped electrons 


the density of trapped electrons n 
cesses for a specimen on whic 
5%, with an assumed hole/el 


t for the irradiation and annealing pro- 
h the original resistivity increase was about 
ectron mobility ratio of 0-8. Similar results 
with turning points at the Same temperatures are obtained for all other 
likely values of this ratio. However, a new estimate of displaced atom 
density obtained from the ir 


ity ol radiation dose to the specimen by the theory 
of Kinchin and Pease (1955) suggests that the estimated numerical den- 
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ivity change, the (Ue, m) 
This is exactly the opposite in 
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sense to what would be expected from direct recombination, and is therefore h 
i ascribed to the dispersion of vacancy-interstitial pairs. As this effect is so 
large it must presumably be attributed to a short range repulsion between 
vacancies and interstitials which prevents direct recombination below 
210°K. 

Returning to the thermal conductivity results, in the temperature range 
807—14!^x where interstitial-vacancy dispersion is proposed, with no 
» in the size or number of defects there is only a small decrease in 
» scattering. Between 160? and 210°x there is considerable anneal- 
ing 5? thermal conductivity, especially in the lower dose samples. This is 
;onvpatible with the suggestion that single interstitials have become 
opile. 
observed dose dependent annealing effects above 200°% may be 
ed for in terms of complexes. Ziman (1960) has shown that the 
» scattering of phonons by small defects is governed by the Rayleigh scatter- 

ing relationship when the wavelength of the phonons is much greater than 
the linear dimensions of the defects. Thus if there are JV point defects in 
clusters of n each, the scattering is proportional to JV [n x (defect volume)? 
—Nn?[n — Nn. 

Thus the phonon scattering increases with the defect aggregation in the 
present ease, where the predominant phonon wavelength is much larger 
than the point defects. Similar arguments have been used by Berman et al. 
(1955) to explain the large changes of thermal resistance in dielectric 
crystals on neutron irradiation. For graphite at 80°K, the predominant 
phonon wavelength is very unlikely to be less than 10 A. 

Since the anomalous thermal conductivity peak builds up between 220°K 

| and 280?x, just above the temperature at which single interstitials become 
| freely mobile, it appears to be due to the formation of small groups of inter- 
stitials. Since pile graphite is composed of small crystallites, and since 
the motion of interstitials is limited to basal planes in which they are found, 
| it will not be possible to form many groups for low dose irradiations, 
l although for high doses almost all the interstitials present may anneal to 
| such a state. In the intermediate range, the formation of small groups 
| will depend roughly on the square of the concentration of single inter- 
r stitials. X-ray measurements by Bacon (1958) on graphite similar to 
| that which we have used suggests that the crystallites have mean basal 
| plane dimensions of ~ 800 å, and therefore contain about 2 x 105 atoms per 
| 
| 
| 
| 
| 
| 
| 


i 
k 
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basal plane. In the irradiations referred to in fig. 2(a), (b) and (c), the 
defect concentrations calculated from the theory of Kinchin and Pease are 
1-0 x 10-5, 2-0 x 10-5 and 6:5 x 10-5 respectively. The average numbers of 
mutually aecessible interstitials in these cases are therefore 2, 4 and 13. 
It therefore appears from the large anomalous thermal resistivity effect 
that a high proportion of mutually accessible interstitials form doubles in 
the temperature range 220?x to 280°K as in the high dose case (fig. 1 (c)). A 
The rapid annealing of the thermal conductivity about 280?x indicates : 
that some complexes, probably doubles, become mobile at this temperature, 
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the tail above 300?x suggesting a residue of larger stationary complexes 
probably of three to six interstitials. Cre en 

The processes suggested here are consistent with recent resu n o ainen 
by Bochirol et al. (1962), who measured the rate of release of stored ene! By 
from samples irradiated in a pile at 80^x. They found well-defined peaks 
at 220°K, ~290°K, ~390°K and 450?x. The first of these agrees reason- 
ably well with our estimated temperature range for the free motion of 
single interstitials, 220°-280°K, bearing in mind that the energy release 
curves relate to a slower effective rate of rise of annealing temperature, 
viz. 2°c/min. The peak at 290°K also agrees reasonably well with our 
estimated temperature range for the motion of double interstitials, anc 
possible that the peaks at 390°x and 450°x refer to the motion of somewhat 
larger groups. 

From the annealing temperature and times involved, some useful 
estimates of the important activation energies may now be obtained. 
Writing the diffusion coefficient D —.D, exp — E[kTT, where D, is taken as a 
constant of order unity and # is the activation energy, we can find the 
values of # corresponding to (i) the motion of a single interstitial in the 
neighbourhood of a repelling vacancy, (ii) the free motion of a single 
interstitial and (iii) the free motion of a double interstitial. 

In ease (i) the force involved is probably of short range, ~10 inter- 
atomic distances. This is confirmed by the observation that the resistivity 
annealing curve in the region of the Austerman annealing has been found to 


be unaffected by the use of 1 hour instead of 1 min anneals at each temper- 
ature. Then writing t= 60 sec, 


_ 1-4?x 10-14 
60 


D 


from which #=0:31 ev. 


In case (ii) the single interstitials have to move a distance somewhat less 
than the basal plane dimensions of the crystallites, i.e. ~ 1004, in order to 
meet and form groups, from which we find E —0-5ev. The height of the 


repulsive barrier between vacancies and interstitials therefore appears to be 
about 0-2ey. The activation energ 


CIE ; y for the motion of a double interstiti 
is similarly estimated, the resulting value being about 0-9 ey E. 
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ABSTRACT 


> influence of temperature on the anisotropy of h.c.p. cobalt is studied. 
results of line breadth measurements for the fault unbroadened reflections 
sorted. The changes brought about by annealing on particle size and 
‘rain are direction dependent. The strain and stress distributions are 
isotropic. 


$1. INTRODUCTION 


THE study of fault probabilities in h.c.p. cobalt presents a very interesting 
feature. "Two types of faulting, deformation and growth, are present in 
the cold-worked sample. The density of faultings is considerably increased 
by heavy cold working. The process is accelerated during martensitic 
transformation from f.c.c. to h.c.p. phase. When there is complete 
transformation followed by sudden quenching the growth fault becomes of 
negligible importance and deformation fault predominates. The compo- 
site broadening is attributed to three causes—particle size, lattice strain 
and faults. For reflections of the type 17:0, the broadening due to small 
particle size and lattice strain is very small compared to that due to stacking 
faults and go the entire broadening can be very well represented by fault 
probabilities only. The effect on the fault probabilities when plastically 
deformed cobalt is heated has been studied by Houska and Averbach 
(1958) and Houska et al. (1960). They showed that the deformation fault 
probability decreases with higher temperature of heat treatment but could 
not detect any measurable and definite change in the case of growth fault. 
Recently, Halder (1963) has studied a number of highly deformed h.c.p. 
cobalt specimens and showed that growth fault also falls along with the 
deformation one. 

The present paper concerns the study of elastic anisotropy in hexagonal 
cobalt. Here are discussed some of the results showing anisotropic 
behaviour of carefully studied crystals. With the exception of three 
cubic metals, aluminium, tungsten and molybdenum, and one hexagonal 
metal, magnesium, almost all metals are appreciably anisotropic in their 
elastic properties. The anisotropy is particularly large for silver, gold, 
copper and lead, and in these cases the maximum value'of Young's modulus 
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is about two to three times the minimum value. The electri cal (esas 
and thermal expansion for the cubic metals except iron (Kochanovska 
1949) are, however, isotropic. Zine, cobalt and cadmium have h.c.p. 
structure and therefore the ease of deformation is greater along the c axis 
than at right angles to it. In the layer-type lattices such as bismuth and 
antimony the ease of deformation is greater along the trigonal axis which 
is at right angles to the layers, than that within the layers. | The behaviour 
of physical quantities like thermal expansion and electrical or thermal 
conductivity along different crystallographic directions 1s unders tood 
from the knowledge of atomic vibrations and the collisions between the 
conduction electrons and the ions in the lattice. But the extent of a⁄iso- 
tropy of various other properties perhaps can be understood from varist ons 
of strain in the lattice, particle size, stored elastic energy, dislocation 
density, etc. with temperature. 

In spite of the fact that cobalt is a highly anisotropic metal and it should 
show characteristic directional properties, a recent paper by Rao and 
Anantharaman (1962) does not reveal any anisotropic behaviour of strain. 
It may be that the specimen studied at room temperature exhibited more or 
less the same magnitude for strain and perhaps for this reason they could 
not detect any anisotropy in the strain. In the present work an attempt 
has been made to study the anisotropy in hexagonal cobalt from x-ray 
data. Some fault unbroadened reflections have been selected and analysed. 


The particle size and strain values obtained therefrom have yielded very 
interesting results. 


§ 2. EXPERIMENTAL PROCEDURE AND ANALYSIS OF THE 
DIFFRACTION MAXIMA 


Six samples were chosen. Each one was highly deformed and heat- 
treated in a different way. All of them were specpure and supplied by 
J ohnson, Matthey and Co., Ltd., London. Measurements were conducted 
with fine-grained powder passed through a 300 mesh per square inch sieve 
The heat-treating was carried out in an electric furnace under vacuum 
The samples were heated for about 24 hours and at different tem peratures! 
After heating, they were furnace-cooled and the resultant f.c.c. ded of the 
d was eliminated by pressing itin a mortar with the pestle. The process 

ook about 200 blows in an agate mortar. Photographic methods were: 


used for x-ray study. Sam i 

: ; ples in the form of thi 1 

0-5 mm diameter were rolled on clean glass M ARCEM 
collodion dissolved in amylacetate. 
9cm powder camera. 


inis ochromator. 
with a monochromatic beam and i: As all the photographs were taken 


scatter E 1e camera was evaeuated, the b 
ring due to air, ete. was minimized. The intensity Mc 


the der li 
powder lines was measured by microphotometer techniques. The 
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deformed h.c.p. cobalt. 


Fig. 2 
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experimental line profiles were corrected for instrumental broadening using 
the profiles of the fully annealed sample at 600°c. Stokes’ (1948) method 
was applied for Fourier analysis. For calculations Lipson—Beevers 
strips were used. 

$3. RESULTS AND Discussions 


The results of only the line broadening measurements are reported here. 
The ?"5egral breadths were obtained from the corrected profiles using the 
form» used by Paterson (1959) in the study of plastically deformed 
calci? ence the integral breadth is 

A,/2 
—————— 
A,/2+ > (4, cos nx +B, sin ma) 
1 
where £ and B, are cosine and sine Fourier coefficients respectively and 
X is the shift as defined by Paterson. The particle size was determined 


from the well-known Scherrer formula t=A/(8 cos 0), where A, 8 and 0 have 
their usual meanings. Figure 1 shows the plots of integral widths for 
different reflections. From the plots it is clear that the change in the integral 
width with annealing temperature for the low angle reflections is smaller 
than that for the high angle reflections. This is because with annealing 
the effect of particle size and lattice strain is reduced more for high angle 
reflections than that for low angle reflections. In calculating the particle 
size and mean strain the average value of (002) and (004) has been considered 
to represent the (002) direction and finally the mean strain e was calculated 
in the same way as carried out by Rao and Anantharaman (1962), 
i.e. using the relation e— 18 cot 0. 

The particle size plots in fig. 2 show that grain growth begins slowly 
and quickens at higher stages of annealing. This is the case in all the 
directions. Figure 3 shows the plot of mean strain for different crystallo- 
graphic directions. As can be seen from the nature of the graphs, the mean 
strain at 500°c attains a very small value. All the values of strain are 
almost the same at this temperature. Mean stress functions calculated 
from the relation oan = €nm! nep Where E pis Young's modulus of elasticity, 
and is shown in fig. 4. Young's moduli of elasticity used in all these calcu- 
lations are taken from the paper by McSkimin (1955). 


$4. CONCLUSIONS 


The measurements carried out for three directions in deformed h.o.p. 
cobalt powder suggest that the strain and stress distributions are anisotropic. 
Rao and Anantharaman, however, studied the particle sizes for different 
crystallographic directions. The mean strain values, they calculated, 
were more or less the same for different directions. The conclusion 
arrived at by them in an earlier paper is thus incomplete. The results of 
Fourier analysis and the interpretation of the coefficients are not discussed 
here; however, they will be published elsewhere 
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ABSTRACT 


;asurements of the electrical resistivity, absolute thermoelectric power 
Hall coefficient of AuAl,, AuGa, and AuIn, between liquid helium and 
"i temperatures are reported and discussed. These metallic compounds 
o the cubic fluorite structure. 


Tux revolution in understanding the electronic structure of pure metals, 
which is presently taking place through the development of experimental 
methods for examining the Fermi surface and the successful interpretation 
of the results, is not going to be confined to pure metals alone. Certain 
intermetallic phases not only have room-temperature electrical resistivities 
comparable with those of pure metals, but surprisingly low residual resis- 
tivities, indicating a high perfection of atomic arrangement in the crystal 
lattice. This low electron scattering or high carrier mobility at low 
temperatures means that de Haas—van Alphen oscillations corresponding 
to sections of the Fermi surface can be observed (cf. Saito 1962, Beck et al. 
1963), even though interpretation of the experimental results may be 
difficult for intermetallic phases containing several valence electrons 
extending through a number of Brillouin zones. The possibility of investi- 
gating directly the geometry of the Fermi surface in intermetallic com- 
pounds suggests that it would now be rewarding to make detailed electron- 
transport measurements on such compounds. We report properties of 
metallic AuAl, AuGa, and Auln, These compounds have a cubic 
structure of the fluorite type. 

X-ray and microscopical examination showed that the samples, prepared 
by melting the components in sealed, evacuated tubes and passing several 
molten zones through them, were essentially single crystals. The AuAl, 
and AuIn, samples consisted of asingle phase, but a very few small globular 
inclusions of second phase occurred in AuGa,. Thermoelectric measure- 
ments below 20?x were made by the method of Christian ef al. (1958) 
and between 20° and 300°K by a differential method with temperatures 
determined by a copper-constantan thermocouple calibrated against a 
standard platinum resistance thermometer. The absolute thermoelectric 
power of the samples was obtained by making measurements against lead 
and using the absolute scale for lead given by Christian e£ al. (1958). Hall 
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coefficients of the same samples were determined by a d.c. method, measure- 


ments made in fields of 2-7 and 5-Ske agreeing to within 2%. The overall 
uncertainty in the Hall measurements is less than 5%. 

Figures 1-3 show the electrical resistivity and absolute thermoelectric 
power of the three alloys, and values of the Hall coefficients, which are 
positive, and residual resistance ratios are given in table 1. 


Table 1 
mem 
AuAl, AuGas Aui; 
Hall coefficient (10-5 em3/c) 
4-2? +17°8 +108 49:2 
80°K +19-4 +133 +143 
300°K +156 +10-1 +11-4 
Residual resistance ratio 
R490 
LE 7-19 x 10-3 6-7 x 10-3 20-0 x 10-5 


Ro73.2°K X Ryo-K 
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There are several points of interest in these results : 


(1) AuAl,, which has a brilliant mauve colour, appears to be a rather 
good metal as far as its electrical properties are concerned, since its room- 
temperature resistivity is only about five times as large as that of copper 
and its residual resistance ratio is not much more than 1/200. When we 
compare this with the electrical behaviour of metallic superstructures of 
the Cs,Au or CuAu type (cf. e.g. Hirabayashi and Muto 1961, Anquetil 
1902) that exist over a range of composition, it seems that metallic ' com- 
po. cis? such as AuAl, must attain a high degree of perfection in the location 
of i> atoms on the crystal lattice. They are probably only homogeneous 
atque composition. 


positive maxima occurring in the absolute thermoelectric power 
», AuGa, and Auln, at approximate temperatures (+ 5?) of 75°, 
nd 35?x respectively, may reasonably be attributed to the contribution 


Fig. 2 
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of phonon drag thermoelectricity, since this is expected to increase in 
magnitude from the lowest temperatures and then to decline again at 
higher temperatures (cf. e.g. MacDonald 1962). These maxima occur at 
temperatures, T'max, that are close to 65/5 (05 being the Debye temperature) 
which is not inconsistent with findings on other metals (Pearson 1962). 
is is apparent from a comparison of @,/5 values, derived from the 
rical resistivity curves, with T'max (table 2). 6, and @p values probably 
^r hy no more than a few per cent at the most in the region of 0 itself 

‘ata of Kelly and MacDonald 1953, Kelly 1954). It may also be 
hat the Tmax values for the three compounds are in the ratio of 
m~i where m is the mass of the lighter components, Al, Ga and In. 

theory of a diatomic simple cubie lattice (cf. Maradudin ef al. 

165. might suggest a correlation of the Debye temperatures with 
Ca^ 11M + 2/m)1?, where C involves elastic constants, « is a lattice spacing 
and Jf and m are the masses of the heavier and lighter components 
respectively. Since, however, the elastic constants for these compounds 
are unknown, no further comment is at present possible. Nevertheless, 
it would obviously be interesting to see whether a ternary compound such 
as AuAlGa with the fluorite structure showed either two discrete phonon 
drag maxima, or a broadened maximum due to the influence of the two 
light components. Unfortunately mixed solid solutions were not obtained 
in the ternary alloys AuAlGa, AuAlIn and AuGaIn which we prepared; 
they all consisted of two phases. 


Table 2 


AuAl, AuGa; Aulns 


05/5 (Og values at T ~ Op derived : 3 : 
from electrical resistivity) 78°K 49°K 35?K 


Tmax, the temperature of the 

maxima in the S versus T curves 

fig. 3 (+5°) 75°K ATK 35° 
Ratio of Tmax values 

Ratio of ma” 1 0-63 047 
(m is mass of lighter atom) l 0-62 0-48, 
Unit cell edge, a in kX 

(from literature) 5:987 6:063 6:504 


(3) The difference in sign of the thermoelectric power of AuAl, and AuIns. 
on the one hand, and of AuGa, on the other hand, in the high-temperature 
region (T > 0p) reflects a difference in the intrinsic properties of the conduc- 
tion electrons (e.g. density of states and electron velocity). J ino 
et al. (1961) have reported differences in the Knight-shifts (which give 
information on interactions between the net spin moment of the conduction 
electrons and nuclear magnetic moments in metals) of these three com- — 


pounds. Knight-shifts for AuAl, and Auln, are positive ssent y 
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temperature independent, but the Ga shift in AuGas is negative at low 
temperatures, changing sign at 68°x and asymptotically ap prOns ae a 
constant positive value at high temperatures. Clogston and J Barn 
(1961) have interpreted the negative Knight-shifts of Ga and Ge in puer 
superconductors with the B-wolfram structure, and of Tl in NaTl, on the 
assumption that the electrons in the highest atomic s levels of these metals 
do not contribute to the conduction, as they lie below the conduction band. 
If this should also prove to be the explanation of the negative Knight -shift 
in AuGa, at low temperatures and its negative thermoelectric power at 
‘low’ and ‘high’ temperatures, then we may expect to find signi® oant 
differences in the geometry of the Fermi surface of AuGa, on the one xonad 
and AuAl, and AuIn; on the other hand in our de Haas-van Alphen stvc 3, 
which are continuing. 
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ABSTRACT 


Empirical justification is given for the assumption of a metallic type band 
-nodel for the so-called refractory hard-metals on the basis that p-electrons 
“som the non-metal atoms (B, C, N) find themselves in the transition metal 
i band on formation of the hard-metals. The evidence seems to indicate 
ihat this band structure should be very similar to a standard band structure 
applicable to all of the transition metals. Inferences are drawn as to the 
general form of the d-band for the transition/hard-metal series. 


$1. INTRODUCTION 


Tux addition of boron, carbon, nitrogen to the early transition metals of 
each period of the Periodic Table (i.e. the metals of Groups IV, V and VI) 
forms series of substances which are characterized, on the one hand, by 
high melting points, hardness, and brittleness—properties usually associ- 
ated with typical covalent compounds—and, on the other hand, by resist- 
ivities and first derivatives of resistivity with temperature which are quite 
characteristic of metals. (In the former respect some of these so-called 
‘hard-metals’ (Schwarzkopf and Kieffer 1953) are more metallic than the 
transition metals from which they are derived—see fig. 3.) In view of 
current interest in many of these substances it is important to resolve the 
question of their nature; if most of the hard-metals are partly covalent 
compounds with a proportion of strongly directional and highly localized. 
bonds involving the non-metal atoms, there seems little hope of being able 
to modify their undesirable properties (brittleness and hardness) while 
retaining their attractive high melting points. If, however, the materials 
are essentially metallic, in the sense that the transition metals themselves are 
metallic, then there is perhaps some justification for assuming thatit may be 
possible to modify their properties in a desirable way. Schwarzkopf 
and Kieffer give a discussion of the various arguments in favour of the 
alternative points of view. mn 
Since there are very few reliable data on the hard-metals there seems; 
present, little possibility of giving anything other than a very gene! 
qualitative discussion of their bonding properties. We wish to po : 
here that an examination of the melting points of the hard-meta s reveals 
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regularities which, we feel, argue for the acceptance of these materials 
as metallic alloys} closely related to the series of transition metals. 
Consideration of some of the physical properties of the materials adds 
more weight to this point of view. 

Tf the hard metals are to be viewed as being alloys rather than compounds 
it might be expected that some adaptation of the Hume-Rothery rules for 
substitutional alloys should apply to them. Hagg (1930) has pointed out 
the analogue of the radius ratio criterion ; this appears to correspond to the 
assumption that the metalloid elements go into interstitial positions in the 
close-packed lattices formed by the metal atoms. (Although uszsily 
this lattice differs from that of the original transition metal. Fusiher 
indication of the metallic nature of these materials lies in the fact ¿hat 
quite large deviations from stoichiometry can occur in the more tyr. cal 
of the hard-metals. 

It might be thought that the metallic behaviour of hydrogen in pallad::-;n 
as typified by susceptibility measurements (see, for instance, Mott and 
Jones 1936) should provide an analogy for the behaviour of metalloids in 
transition elements. According to Schwarzkopf and Kieffer this point of 
view has been exploited by Ubbelohde and by Umanski; it has, however, 
been pointed out by Schwarzkopf and Kieffer that the work of Mott and 
Jones, on which the interpretation of the Pd-H system is based, centres on 
transition elements with nearly full d-shells, and that these are not among 
the metals forming the refractory hard-metals. These authors also make 
the point that the behaviour of the Pd-H system is “ certainly not repre- 


then, with Ubbelohde and Umans 


like palladium, should be prepared ee 


§ 2. CONSIDERATION oF Metre Ports 

As we have no clear idea of the 
transition metals are populated we 
all the valence electrons ( 


extent to which the d-bands of the 
may go to the extreme of putting 
ae ppm s+d electrons) into the metal shane 
5); for the carly transition metals, at least, this 
oximation. Since, however, we shall find some 


free atom s and d-shell 
able, carry over to some 


» Where, in rough ap 


i 
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free atom configurations, we shall assume that there are no electrons in the 
s-band. These formal electron distributions are likely to be extreme; in 
many cases the s-band will contain more electrons than we have assumed. 

In fig. 1, which has been plotted on the above-mentioned basis, the 
large points show the electron per metal-atom ratio for the d-bands of the 
transition metals, against melting points for the metals. Taking the latter 
as 2n indication of the stability of the transition metals it is evident that the 
stability of the metals increases with number of electrons in the d-band, 
reoching a maximum near tungsten, and thereafter, falling off. 
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TEMPERATURE (*C) 


d-electrons per metal atom versus melting points for (a) the transition metals; 
(b) the hard-metals. The transition metals have been plotted on the | 
idealized basis that their s-bands contain 0 or 0:5 electrons per atom 
depending on whether their free atoms contain l or 2 electrons in 
outermost s-shells. The large black points are the transition 1 
which form hard-metals. In the hard-metals the assumed d 
numbers of the relevant transition metals are augmented by tl 
number of p-electrons contained in the associated metalloid ator 


Also in fig. 1 we have included all of the hard-metals | 
Schwarzkopf and Kieffer give melting points (see their t. 
and 60); these have been plotted on the assumption tha 0 
p-electrons go into the transition metal d-band. This again 
correctly a small proportion of the transferred el 
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melting and the influence of 
to that in the solid phase have 
ngs of this point of view, the 


s-band. The possibility of non-congruent 
the free energy in the liquid phase relative 
been neglected here. Despite the shortcomir 
following points are immediately obvious from the figure: eed 

(a) The hard metals fall into approximate correspondence with the 

transition metals themselves as regards stability versus d-band electron per 
metal-atom ratio. (Thisis the justification for assuming that the majority 
of the metalloid p-electrons goes into the relevant d-bands.) It may be 
observed that the considerable spread in the hard-metal points across the 
diagram is to some extent a consequence of the spread of the parent tz. is 
ition metals; this is particularly so for the group of hard-metals tc vhe 
right of 2500°c and on or below an electron number of 6:5. 

(b) The majority of the hard-metals with melting points in exces: of 
about 2600°c lie on levels corresponding to 5:5 or 6-5 d-electrons per mx :al- 
atom ; while the majority of hard-metals melting below 2200°¢ lie on levels 
corresponding to greater than 6-5 d-electrons per metal-atom. 

(c) This distribution of hard-metals and their parent transition metals 
has been obtained with complete disregard for crystal structure; the 
diborides (and even the hexaborides} of the group II and III metals) 
fit well into the general scheme. In covalently bonded materials the 
distribution of atoms is a consequence of the bonding directions and is very 
important for energy and stability considerations ; in metals and alloys, on 
the other hand, structure is of far less importance and accounts for a much 
smaller proportion of the energy of the metal. 

In order to pursue these ideas further, a search was made for other 
combinations of transition metals (and group IIA metals) with the 
metalloids. The inclusion of the hexaborides and of the borides of Fe 
Co and Ni in fig. 1 is a consequence of this. d 


Considering first the metals from Mn ——— — > Ni 
Te — —— — Pd, 
Re > Pt, 


mel it is donn in view of their composition and structure, that the hexa- 
pri aa E an Pod ae in this discussion; their inclusion is question 
: 8 upon ng. | simply as a classificati : 

: s ‘ on scheme, howe 
borides and their parent metals fit into the scheme rather ll; on ds ur 
r well; on this basis 


they have been retained It should also be point ed ou hat f their nelusion 

i jl B i 8 Qu. B 

m the present scheme is justified, then, in view of the eno ili y i : Se 
: normous stabilit increa 


c ad ITI t i x ides (s 
fig. 1), the hexaborides probably belong near an qe p sue m 
for La for instance) we have 3 (s +d) 


electrons in the hexa- 


t Much of the data in fig. 1 h 
compilation: of Hansen (1958) 
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| most of which are included in fig. 1, it was found that: 
| (i) The majority of these metals do not combine with the metalloids ; 
| those that do yield compounds which turn out to be relatively unstable 
| (they dissolve in water for instance). The only exceptions are the borides 
of Fe and the corresponding compounds for Ni and Co. 
(ii) The compounds that are formed tend to have a low metalloid 
p-electron per metal-atom ratio; the most stable compounds have only 1 
9:5 to 1-0 p-electrons per metal-atom. i 
Looking now at the metals below Ti, Zr and Hf, i.e. La, Y,Se, Ca, Sr 
and Ba, we find once again that there are very few stable combinations of 
these with the metalloids; but for the most stable of the combinations 
that exist, the metalloid p-electron per metal-atom number tends to be high. 
Outstanding among these are the hexaborides. 
In fig. 2 the stability of the hard -metals relative to their parent transition 
1 metals is shown. The further points which are brought out in these plots 
| are as follows : 

(d) The relatively low-stability metals of group IV gain enormously in 
stability when their d-band populations are increased to 5:5 or 6-5 electrons i 
per metal-atom by the addition of the metalloids; the metals of group V 
also gain in stability under similar circumstances, but not nearly to the ji 
same extent as those of the earlier group; while the metals of group VI, i 
in general, tend to lose stability on formation of the hard-metals. | 

These diagrams strongly suggest that if the d-band is progressively 
filled up to a total of about 6 electrons per metal-atom the bonding increases 
(so that this is a bonding part of the band) while, going beyond this number 
the bonding is little varied or is decreased (so that this part of the band has 
different characteristics from the first part and is non-bonding). Going 
further, to those transition metals which do not form hard-metals, this 
picture is further confirmed ; in general, such metals, borides, carbides, or 
nitrides as do exist well away from the 6 d-electron per atom region, are 
relatively unstable. For transition metals with d-electron numbers well 
below the stable region the most stable compounds (hexaborides) have very 
high metalloid per metal-atom ratios, while for transition metals which 
already are beyond the stable region, the metalloid per metal-atom ratio is | 
unusually low (as in Fe,B and FeB)—again considering the most stable of 
| rv oe of Ti, Zr, Hf, V and Ta, the diboride and mononitride 
| have closely similar melting points. This point is especially interesting in 
that there are twice as many boron atoms (or ions) in the diborides than 
there are nitrogen atoms in the mononitrides ; if covalent bonding involving 
the metalloids were important here, we should expect that this would lead 
to large differences in stability and melting point between the diboride and 
mononitride of a given metal. The fact that the metal should be so 
indifferent towards the presence of two boron atoms (as opposed to one 
nitrogen atom) per metal-atom seems to imply that in the hard-metals the 
accommodation of the metalloid ions is a secondary consideration with 
little direct bonding or stability implication. 


P.M. 
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(f) The only deviation from the close agreement between the melting 
points of diborides and mononitrides of the groups IV and V transition 
| metals occurs for Nb. For this metal it may be seen from fig. 2 (b), that, 
| relative to the metal, both the carbide and the diboride have somewhat 
greater stability than the corresponding derivatives of V and Ta; on the 
other hand, the nitride has a much lower relative stability than the corre- 
sponding derivatives of V and Ta. To explain these points consistently we i 
assume that the optimum stability line probably lies somewhere above the | 
6:5 electron number level in fig. 2 (b) ; although, in view of the crudeness of j 
ows assumed d-electron numbers, this figure is certainly too high and has 
liċċle absolute significance. What is more important is the fact that we are | 
ed to take account of the differences between Nb and its neighbours in 
gzoup V (V and Ta), in forming hard-metals, by placing the points for Nb 
xad its derivatives higher in the diagram than the corresponding points for 
" V and Ta. 
| Ina similar way, it may be seen from fig. 2 (c) that W is much more stable, 
relative to its derivatives, than is either CrorMo. Thisimplies that W may 
lie below the stability line, but close to it; whereas Cr and Mo lie above the 
line, on the same side of it as their derivatives, and, perhaps, further from it 
than W. On this basis, Cr and Mo have been placed higher in fig. 2 (c) than 
W. The interesting point thus emerges that the irregular free atom 
| electron configurations for Nb, Cr and Mo (i.e. (s)! (d)* = 5) as distinct from 
those for V, Ta and W ((s)? (d)? ** *) may have counterparts in the metallic i 
state. 

(g) In the hard-metals based on Or, Mo and W, à number of unusual 
stable combinations with the metalloids is possible for which the overall 
stability variation is small. This again seems to imply that once the transi- 
tion metal itself is about to go through the six d-electron per metal-atom 
region, or has already passed through it, the d-band can accept varying 
numbers of electrons (and equally important, the metal lattice can accept 
varying numbers of foreign atoms) without experiencing much change in 


binding energy. 


or PHYSICAL DATA ON TRANSITION METALS AND 
HARD-METALS 

: i ta available on the hard- 

| 'e appear to be very few good physical da 1 nr i 

| E Pes resistivities have been published on the diborides | 

(Juretschke and Steinitz 1958) and on the carbides (Rudy and Benesovsky 

1960); these data, together with values taken from Schwarzkopf and 


Kieffer, along with values for the transition metals themselves, have been 


in fig. 3. 
pion a line in the diagram shows the course of resistivity of the 


transition metals. From this it appears that there exists a factor which 
affects the resistivities of the transition metals in such a way that for Hf, Zr, 
| Ti the resistivity is high, for Ta, Nb, V, the resistivity has fallen considerably 
and for W it reaches a minimum; beyond W the resistivity varies some- 
: what; but the factor responsible for the high values for the groups including 
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Hf and Ta appears to be absent. On the basis of the model suggested earlier 
we should interpret all this as a consequence of the existence of a bonding 
band which has a low density of states in the region of the d-electron per 
atom number of tungsten ; in the usual way we assume that for materials 
below tungsten in fig. 3 this band contributes to the resistivity by providing 
2 high density of empty d-states in the region of the Fermi level into which 
conduction electrons may be scattered. One has to assume also that the 
non-bonding band does not contribute to the resistivity significantly in 
view of the small resistivity variation in the metals above tungsten in fig. 3. 
(ia order to explain the generally high resistivity of all of the transition 
r:etals, relative to say copper, it may be appropriate to assume that the 
bonding d-sub-band has a long low density of states tail; but we shall 
;eglect this at present.) 

Looking now at the hard-metal points in fig. 3 it is evident that corre- 
lations exist between the resistivities of the hard-metals and of the transi- 
tion metals, in accordance with our assumptions. The most significant fact 
is, perhaps, the large drop in resistivity from Hf, Zr and Ti to the diborides 
and the nitrides of these metals. Forming the diborides takes the metals, 
on our hypothesis, so far as their d-electron numbers are concerned, to the 
tungsten level in fig. 3, where we assume the bonding part of the d-band to 
be full and the density of states to be low. Considering the resistivity 
values for TaB,, NbB,, and VB;, along with those for TiN, ZrN and HEN, 
it seems significant that the diborides and the mononitrides of transition 
elements of two different groups in the Periodic Table should exhibit resist- 
ivities which agree so well with our model. Resistivities for the nitrides of 
Ta, Nb and V could not be found, but from fig. 3 we might predict values for 
these of about 15 uQ em. : 

So far as the borides of tungsten and of the metals above tungsten in 
fig. 3 are concerned, these may still fit with the model. Resistivity 
depends upon a number of factors in addition to the density of states into 
which the scattered electrons may pass. It may be assumed that the 
former predominate for the metals and alloys above tungsten, and result 
in the offset, towards the right, of the group of hard-metals between levels 
6-5 and 8:5 from the transition metals in the same region of fig. 3. Itmay 
be remarked that the trend shown by the hard-metals in this group more or 
s that of the corresponding transition metals. : | 

Tt is more difficult to explain the behaviour of the carbides shown in 
fig. 3; these are, in general, much more stable than the corresponding 
diborides and nitrides, and they have, invariably, higher resistivities. The 
stability effect can be made to fit the model more closely by adjusting the 
d-electron per metal-atom numbers 50 as to take the borides and nitrides 
towards each other (in accordance with point (e) made earlier) and the 
borides and carbides away from each other. As is mentioned in the 
Appendix, such adjustment will bring the carbides more into line with 
the behaviour of the transition metals and the diborides which show a 
minimum in the resistivity curve at tungsten (see fig. 6). This would also 


less follow 
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mean that the carbides of the group IV 
the bonding d-sub-band where the density o 
It is felt, however, that such refinements are rea 
stage without further experimental information. 
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As regards the generally high resistivity values of the carbides, it can only 
be assumed, within the framework of the present model, that some of the 
| factors mentioned above as affecting the electron scattering probability, 

additional to the magnitude of the d-band density of states, are more 
important in the carbides than they are in the borides or nitrides. 

So far as other relevant properties of the transition metals and hard- 
metals are concerned, it would be of interest to have data on magnetic 
susceptibility and electronic specific heat ; little of this data is available for 
the hard-metals. Plotting the data of Kreissman and Callen (1954) on 
susceptibility, and of Wolcott (1955) and Horowitz and Daunt (1953) on | 
electronic specific heat for the transition metals, against assumed d-electron f 
numbers, curves are obtained which should correspond approximately to f 
the density of states curve for the transition metal d-band. (Assuming 
that all transition metals have more or less the same band shape.) It is 

"d found, in fact (fig. 4(a) and (b)) that both curves show very similar 
shapes and also that the few (probably not very reliable) values given by 
Schwarzkopf and Kieffer for the susceptibilities of some of the hard -metals 
lie quite well to the transition metal susceptibility curve. The form of 
the curves is also interesting in the light of the suggestion that the d-band 
is composed of two sub-bands of the form described above. 

The fact that the narrow sub-band lying at the high energy end of the 
d-band range appears in susceptibility and specific heat measurements is 
at some variance with the relatively low values of resistivity found for the 
materials assumed (on the present picture) to have Fermi levels in or near 
this sub-band. One is forced to infer that a type of sub-band may exist 
which is the result of such a small degree of wave function overlap that itis 
very sharp and gives a negligible contribution both to bonding in the metal 
and to the resistivity of the metal; it must, however, have sufficient * band 
nature’ that any electrons which populate it behave to some extent as 
‘free’ electrons, so far as specific heat and susceptibility are concerned. 


$4. DISCUSSION AND SUMMARY 


j On empirical grounds and with the inclusion of the hypothesis that the 
| metalloid atoms in the hard-metals act as electron donors to the metal 
i d-band (the hypothesis having some empirical validity itself—vide fig. 1) 
| we have drawn the following conclusions. For the hard-metals, covalent 
| bonding involving the metalloid elements does not in general seem to play 
| an important role; on the contrary, the bonding appears to be similar to 
| that in the transition metal series. In the transition metals and the hard- 
| 
} 
| 


metals, regardless of initial structure of the transition metal itself or of the 
final structure of the hard -metal, the d-band has a sub-structure ; it appears 
| to exist essentially as two bands. The filling of one of these bands to a 
maximum of about six electrons tends to increase the stability of the E 
resulting material; the filling of the other tends, if anything, to reduce the -a 
stability of the resulting material. Evidently the main part of the bonding - ae 
band lies lower on an energy scale, has a lower mean density of states, 

and is broader, than the non-bonding band. It appears also that the 
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; rt of the band does not play much part in the resistivity 
d prs. that the bonding band must be composed mainly 
of d-orbitals of the transition metal atoms which begin to n 
considerably when we go to the metallic state; one would imagine m 
the d-orbitals of the non-bonding band should overlap to a much smal er 
extent—even that they correspond to only slightly perturbed atomic 
CA this shows a general correspondence with the ideas of Mott and 
Stevens (1957) who suggest that in some of the body-centred cubic transi- 
tion metals the symmetry of the crystal and that of the atomic g 
functions leads to a sub-band structure of the form postulated 
Mott and Stevens leave open the question of whether such a su 
formation should be restricted only to body-centred cubic metals, we: 
from our discussion above, it appears that it should not. (The most 
typical of the hard-metals have a metallic coordination which is face- 
centred cubic; in the diborides the metal coordination is simple hexagonal.) 

From the theoretical standpoint, recent calculations on the b.c.c. 
transition metals based on the tight-binding approximation show a pro- 
nounced and broad minimum in the d-band density of states curve (Belding 
1959, Asdente and Friedel 1961). On the other hand, the calculations of 
Asdente and Friedel and of Callaway (1960), Stern (1959) and Wood (1960) 
indicate that the resolution of the tog (doy type) and e, (day: type) sub- 
bands, postulated by Mott and Stevens does not occur to any significant 
extent. The state of the current theoretical situation is discussed in a 
review article by Mott} (1962) and will not be gone into here. Itshould be 
pointed out, however, that a number of the theoretical papers mentioned 
above give evidence for a gradual transition from bonding to anti-bonding 
nature in the electronic states in passing from low to high energy along the 
d-band. It is possible that a model based on this fact might explain the 
correlations described above, although the evidence does seem to suggest 


a sharp rather than a gradual change in the nature of the states near the 
d-electron number for W. 


Without a kno 


wledge of the various band widths and the extent of the 


- am grateful to Professor Sir Nevill Mott for a 
publication. The pap 
emp. ina; 


Strong evidence 

in the density of 

on made above that the bonding 
hole bout 6 electrons per metal 
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separation or overlap of the hypothesized d-sub-bands and the s-band, itis 
difficult to improve upon this; in any case, these factors will vary for 
different transition metals and hard-metals. Mixing of states corres- 
ponding to wave functions of different symmetries may further complicate 
the interpretation of data on the basis of a simple model. Nevertheless, 
the foregoing discussion appears to justify the use of such a simple model 
for æ surprisingly wide range of materials. For the clarification or 
modification of this point of view, and for the theory of the transition 
metais in general, further experimental study of the hard-metals, and of 
their alloys with each other, should be very informative. 


APPENDIX 


From. a consideration of figs. 1 and 3 it is easy to convince oneself that the 
P correlations shown would be improved by dropping the points correspond- 
| ing to the monocarbides by about half a unit on the d-electron number 
| axis. This would: (a) reduce the scatter of points in fig. 1 (see fig. 5), (b) 
| place HfC and TaC, which are the highest melting of the hard-metals, and 
have closely similar melting points, symmetrically about the point for 
tungsten, the highest melting transition metal, in fig. 1. NbC and ZrC, 
which also have quite similar melting points, would also find themselves 
more symmetrically placed with respect to tungsten (see fig. 5); (c) bring 
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| the relative resistivities of the carbides of the group IV and group Y metals 
| into closer correspondence with the full curve shown in fig. 3, with only a 
| displacement of the curve to the right being necessary to fit these carbides 
into the picture (see fig. 6). 


Fig. 6 
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Copy of fig. 3 (resistivity data) with monocarbides dropped half a unit on vertical 
axis. 

On this basis it would then be reasonable to expect that hard-metals 

08e representative points in fig. 5 lie between those of the carbides of 

oup IV and group V transition metals (i.e. whieh lie near to the 

en level) might have higher melting points and lower resistivities 

carbides of the groups IV and V metals. Such ‘intermediate’ 


be assumed to result from forming solid solutions of the 
shown in fig. 1. In particular, forming a solid 
expected to produce a material of anoma- 
ution); fig. 36 of Schwarzkopf 

YoLlaC com: 
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The resistivity decrease expected in HfC-TaC relative to the values for the 
individual constituents, may, of course, be masked by the effect of having 
two distinct metal atoms in the alloy, which would tend to increase the 
resistivity. 
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| ABSTRACT ü 
| A metallographic study has established that dislocation arrays can be i 
| produced in germanium single crystals by local impact at room temperature. 1 


The arrays appear as extensions to true cracks and have the same morphology; is 
neither lie in {111} planes but on curved surfaces determined primarily by the 

a stress field. The evidence suggests that the dislocations exist in the form of 

large loops. The origin of the dislocation arrays is discussed. 


$1. INTRODUCTION 


DisLocarion arrays having the morphology of true cracks were first 

observed in indium antimonide by Allen (1957)f; Allen (1959) and 

Johnston et al. (1958) subsequently reported that similar dislocation arrays 

are produced in germanium under certain conditions. In a metallographic 

study of the damaged layer in abraded germanium surfaces, the present 

authors (Pugh and Samuels 1961) observed features which at first sight 

appeared to be dislocation arrays of this type. However, more careful 

study revealed that they were true cracks. These observations cast doubt - d 
| on the existence of the arrays in germanium and prompted further : 
investigation into the phenomenon. 


§ 2. EXPERIMENTAL 


In Allen’s work in indium antimonide the dislocation arrays were intro- 
| duced by means of local impact, produced by dropping steel spheres onto 
the surface. These experiments were repeated for germanium single 
crystals, using spheres of 3mm diameter. Tests were confined to {111} 
surfaces which were polished metallographically to a stage using magnesia 
abrasive and finally etched with CP4reagent. This preparation produced a 
flat surface free from mechanical damage. 

The impact was found to produce true cracks which could be detected by 
microscopical examination, and also additional features which could be 
revealed only by etching. The purpose of the metallographic investiga 
was to determine whether the latter were true cracks which could not 
detected by optical microscopy or whether they were dislocation arr ys of 


} Allen called the arrays * dislocation-cracks ’ but this term has been avoided 
in the present paper because it has been criticized as being misleading. | 


d 
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the type postulated by Allen. The problem arise fom the fact en 
"n reveal dislocations also attack cracks, so that it 1s not a 
reagents which revea. catrons i ai dislocation 
straightforward matter to distinguish between a ¢ im " Dr er 
array and a fine crack. It is believed, however, that the eee 
distinguished with certainty if the etching conditions are coniro ec gare 
fully, because there is an order of magnitude difference between the etching 
times required to reveal true cracks and to develop dislocation etch pits. 
The former requires the shorter etching time and it is not to be expected 
that this would be greatly affected by the width of the crack, i.e. whether 
the crack is ‘sub-microscopic’ or not. 

Two etching reagents were used. The first was the ferricyanide resgent 
developed by Billig (1956). This is a preferential etchant which Ecimes 
(1959) has shown to produce pyramidal etch pits at dislocations on surfaces 
within 10? of {111} orientation. Pugh and Samuels (1961) found thai the 
reagent also attacked cracks, often producing well-defined pyrarsidal 
pits. However, fine cracks were made readily visible by short etching 
treatments (2-3sec), whereas times of 3-5 min were required to form dis- 
location etch pits. The second reagent was CP4, a non-preferential 
etchant which has been shown (Vogel et al. 1953) to produce characteristic 
conical etch pits at dislocations on surfaces within 8-10? of {111} faces. 


$3. SURFACE STUDIES 


tis convenient to divide these observations into three groups, depending 
on the height from which the spheres were dropped. 


3.1. Heights less than 5cm 


In unetched specimens, chipping was visible over the circular area of 
contact. Etching with the ferricyanide reagent for short times (10—15 sec) 
produced pyramidal etch figures in these regions, but longer times did not 
reveal any additional features. The CP4 reagent produced only smooth, 
dish-shaped depressions at the chip sites ; no conical pits were formed. 


3.2. Heights between 5 and 15cm 


addition to the superficial chipping, some impacts caused cracking, 
as, true cracks which could be detected before etching, while others 
t. Cracking became more consistent as the drop-height increased 

t about 15cm, cracks were always formed. The cracks occurred 
the umference of the maximum contact area. They extended 
at low heights, while at heights of 15cm they tended to 


nide reagent caused attack at the cracks and 
w ot visible prior to etching. These 
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Fig. 1 


Surface etched for 5 min with ferricyanide reagent showing crack (bottom right), | 
dislocation array and etch figures at superficial chipping (bottom left). 


x 1500. 


ent, showin 


all true crack 
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The width of the groove-like traces was small relative to 

at cracks, and the abrupt change in etching 

cks and the grooves (fig. 1) further suggests 
that the latter cannot be attributed to sub-microscopie cracking. On the 
other hand, the etching times required to develop the grooves were fully 
consistent with their being arrays of closely spaced dislocations. 

The CP4 reagent also produced grooves which could be readily distin- 
guished from the crevices produced at cracks. A typical groove is shown in 
fig. 3. The grooves showed some indications they they were composed of a, 
series of pits but they could not be resolved discretely. The fact that the 
grooves were not symmetrical (see fig. 3) is significant. Bardsley et al. 
(1958) have shown that the conical pits produced by CP4 at dislocations 


304 


cracking (fig. 2). 
that of the fissures formed 
characteristics between the cra 


Fig. 3 


rface etched with OP4 showin, 
nec g a fissure (A) developed at 
a groove developed at a dislocation Ms. * 1500. es 


uths o the dislocation lines ean be determined from 
Th mmetric grooves observed at the surface 
| produced at arrays of closely spaced 
uwface. This view is supported 
er which showed 4 
al 


E p: 


vhen the dislocation lines meet the surface at small angles, ` 
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Further evidence for the grooves being produced by the etching of 
dislocation arrays was obtained by etching specimens with bromine- 
deficient CP4. Comparative studies of specimens containing both grown- 
in and slip dislocations showed that normal CP4 revealed all the dislocations 
revealed by the ferricyanide reagent. However, the CP4 produced pits 
at only a proportion of the dislocations when the bromine content was 
reduced. Grooves of the type shown in fig. 3 were replaced by discrete 
etch pits which had the characteristic conical shape of dislocation pits 
when the present specimens were etched with bromine-deficient CP4 
(Ag. 4). 


= 


Fig. 4 


Discrete etch pits at a dislocation array revealed by etching with bromine- 
deficient CP4. x 2000. 


These metallographic studies strongly suggest that the features giving 
rise to the grooves were dislocation arrays. 


3.3. Heights greater than 15cm 


The diameter of the inner ring crack increased as the drop-height 
increased, and further concentric outer rings were formed (fig. 5). The 
outer ring cracks tended to lie along the traces of {111} cleavage planes, 
producing a hexagonal outline. Pronounced side cracking occurred in 
regions where crystallographic segments intersected. Etching did not 
reveal additional features, except for a few short dislocation arrays in the 
regions of side cracking. 


P.M. U 
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$4. SUB-SURFACE STUDIES 


To follow the cracks and dislocation arrays below col da dde 
layers were progressively removed by polishing, the 3 T 2. ei 
examined at each stage ; the depth below the origina! sur ded : y ge 
was estimated by weight-loss measurements. Dislocation arrays presen 


Fig. 5 Fig. 6 


res 5-8 illustrate the successive stages in the removal of a ring crack 
produced by dropping the sphere from a height of 100 em. The depths 
ich Stage were 0, 30, 135 and 180 p, respectively. The surfaces 
tched with a ferricyanide reagent for 5 min to show the relative 
NI odor arrays ; typical cracks are indicated 

d7. x70. 


y below the surface. True 
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from 100cm. At the stage illustrated in fig. 6, the traces consisted largely 
of true cracks although significant numbers of dislocation arrays were 
present. In fig. 7, dislocation arrays predominated, with only small 
amounts of true crack remaining. Only dislocation arrays remained in 
fig. 8, and these persisted for a further 10-20 p. 

It can be seen in the photomicrographs that the circular or hexagonal 
outline of the surface cracks was soon replaced by a triangular configuration 
defined by the three (110) directions. Nevertheless, the traces of the 
cracks and dislocation arrays did not lie exactly along (110) directions but 

vere generally curved, being concave inwards initially but finally becoming 
convex inwards. In profile the cracks were found to lie in curved surfaces 


Fig. 9 


Point of contact 


1005 2005 3005 
+ — 


Trace of cracks and 
dislocation-arrays 


\ Trace of 


E V (411)plane 


200 y N 


Section perpendicular to a (110) direction in the original surface, showing the 
profile of the cracks and dislocation arrays produced by dropping the 
sphere from 100 cm. 


which were at smaller angles to the surface than {111} planes (fig. 9). That 
is, the cracks and dislocation arrays did not lie in cleavage planes but on 
surfaces determined primarily by the stress field produced by the ball. 
This confirms previous observations on abraded surfaces that fracture m 
germanium generally occurs on non-crystallographie surfaces, usually 
curved, which tend to lie near {111} orientations (Pugh and Samuels 1961). 
During the removal of the last vestiges of the dislocation arrays (fig. 8), 
it was possible in several cases to detect discrete dislocation etch pits. 
Examples are shown at A and B in fig. 10. The shape of the etch pits 


U2 
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dicates that they corresponded to dislocation lines making small angles 


in ang 
s whose azimuths were parallel to AB. The opposing 


with the surface and Ps 
senses of the pits at A and B, respectively, suggests that the dislocations 


formed loops. 


$5. DISCUSSION 


The investigation has shown that dislocation arrays of the type 1 pe 
by Allen (1959) can be produced in germanium by local impact. Disioca- 
tion arrays and true cracks are usually produced together but the tivo can 
be distinguished by control of the etching conditions. 


reported 


Fig. 10 


; Dislocation array revealed by etching with CP4. Discrete etch pits are visible 
at A and B. x 1000. 


suggested that the dislocation arrays in indium antimonide resulted 
cleavage cracks. He pointed out that for such a mech- 


a 
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Healing of the crack before unloading would require dislocation movement 
at the tip and there is no evidence that such movement can occur in ger- 
manium at room temperature. Therefore, it is considered that Allen’s 
mechanism is untenable for germanium. 

The fact that the dislocations appear to form loops suggests that the 
dislocation arrays result from a glide process. Apart from the difficulty 
presented by ascribing considerable mobility to the dislocations at room 
temperature, the suggestion does not appear feasible because the dis- 
location arrays do not lie in {111} planes. Moreover, they formed in what 
are thought to be regions of maximum tensile stress and not in regions of 
maximum shear stress. 

Further tentative explanations of the origin of the dislocation arrays can 
be based on the premise that the stress to nucleate dislocations in germanium 
is lower than that required to move them. Gilman (1957) has shown that 
dislocation loops can be nucleated ahead of cleavage cracks in lithium 
fluoride. It may be argued that, in germanium, sheets of small dislocation 
loops are nucleated ahead of the cracks, but that at room temperature they 
are not able to expand by glide. However, this is not consistent with the 
observation that the dislocations formed large loops. Another difficulty 
is that the metallographic evidence showed that the dislocation arrays 
persisted for considerable depths (60 u) after the last cracks were removed 
by polishing. It appears unlikely that stress concentrations associated with 
the cracks could extend over such distances. Furthermore, dislocation 
arrays at the surface were often associated with such extremely small 
amounts of cracking (see fig. 2) that the role of cracks in producing stress 
concentrations seems irrelevant. 

The remaining possibility is that large dislocation loops can be nucleated 
but not moved at stresses near the fracture stress. Itmay besuggested that 
the formation of such arrays is the first stage in the fracture process. Such 
a mechanism, however speculative, is consistent with the present metallo- 
graphic observations. The mechanism implies that the dislocation arrays 
should always be associated with cracking in germanium irrespective of the 
method of stressing. For instance, dislocation arrays should be present 
in addition to true cracks in abraded surfaces. The specimens used 
in the previous study of abraded surfaces (Pugh and Samuels 1961) 
were therefore re-examined and it was found that dislocation arrays were 
in fact present in the damaged layers. However, the number of dislocation 
arrays was small, true cracks constituting the bulk of the so-called 
damage. 
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ABSTRACT 


The thermoelectric power of chromium against copper has been investigated 
in the range 30—40?c using 20 specimens of chromium varying in purity, grain 
size and state of strain. In all cases there is a sharp fall in thermoelectric 
power as the temperature rises through ~35°c. For all high-purity specimens 
this transition temperature is in the range 35-3+40-8°c. The strength 
of the anomaly is affected very little by variations in the interstitial impurities 
nitrogen and oxygen, but is clearly inflenced by small strains in the material 
and by changes in grain size. The results are considered in terms of anti-ferro- 
magnetic ordering and the influence of internal stresses on domain structure. 


$1. INTRODUCTION 


Tue existence of anomalies at 30-40°c in most of the physical properties 
of chromium is now well established and much of the evidence has 
been reviewed by Sully (1954) and Edwards et al. (1959). Recent neutron- 
diffraction experiments by Corliss ef al. (1959) and Bacon (1961), 
together with the discovery of small maxima in magnetic susceptibility 
(Lingelbach 1958) and specific heat (Beaumont et al. 1960), have 
made it clear that an anti-ferromagnetic transition is involved and it now 
seems highly probable that the anomalies represent the true Néel point. 

One of the several aspects of this transition which have yet to be fully 
resolved is the effect of interstitial impurities. Oxygen, in the form of 
chromic oxide, is the most common impurity in chromium and since 
Anderson (1937) had found a distinct anomaly in the heat capacity of 
chromic oxide at 32?c, it was for some time suspected that the observed 
effects in chromium resulted largely from the oxygen present. This view 
has lost ground in recent years, the transition in several physical pro- 
perties of chromium having been found insensitive to changes in oxygen 
content. In the case of nitrogen, Straumanis and Weng (1955) found a 
break in the curve of lattice constant against temperature in a sample of 
chromium containing 0:019% nitrogen. 

However, in one sample with a nitrogen content of only 0-0003 %, nO 
break was observed (Straumanis, unpublished work, 1958, James et al. 
1962). This led to suggestions by Edwards et al. (1959) and de Morton 


T All impurities are stated in weight per cent. 
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(1960) that nitrogen might be a contributory or sere bee de 
of the anomalies, and it was mainly to test this hypothesis tha I " 
rork wa: ertaken. 3 H- 
s e eed power was chosen as the property to be studied "cr 
because precise measurements appeared possible without the een 
high dimensional accuracy in the test specimens, thus allowing a consider- 
able variety of both ductile and brittle samples to be prepared without 
difficulty. Previous investigations of this property of chromium es been 
carried out by Séchtig (1940), Potter (1941) and Fine ef al. (1951). Although 
there were some notable differences in the results obtained, « males 
were found in all cases in the range 0-50°c. However, the thermos 


iectric 
behaviour was not examined in detail between 30 and 40?c, and thore was 
no systematic study of impurity effects. 


§ 2. EXPERIMENTAL 

The measurements were made with a Leeds and Northrup noteniio- 
meter which could be read to 0-1 uv. The apparatus was set up as shown 
diagrammatically in fig. 1 and comprised a copper-chromium and a copper- 
constantan thermocouple sharing a common hot junction, whieh was 
inserted into a drilled copper block A. The pair of cold junctions were 
inserted into a closed glass tube which was in turn inserted into a second 
copper block B. Copper leads from the three junctions were connected 
to the potentiometer through the switch Si. Since the e.m.f.’s of the two 
thermocouples were of opposite polarity, the switch was arranged to 
reverse the potentiometer input on switching from one couple to the other. 
The switch S, was normally in the position shown in fig. 1, but could be 
switched to exclude the thermocouples from the measuring circuits, thus 
allowing small corrections to be made for any persistent parasitic e.m.f.’s 
in the leads, switches and potentiometer. These were normally in the 
range 0-0-7 uv and varied only slowly during the course of an experiment. 
The apparatus was located in a temperature-controlled room and was 
carefully shielded from draughts. 

The chromium specimens were prepared by using a hacksaw or abrasive 


E dh: d wheel to cut small strips from the sample to be tested. After 
oe! ght electropolishing these were annealed in vacuum (when required in 

this condition) and then electropolished until the secti 
~lmm?. A single specimen 


Car ensure a good chromium- 
each joint. The thermocouple junctions were made 


insulated from one another with thin glass 
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surface. The oil was allowed to cool naturally (average rate ~ 2-5°c/hr) 
and some 20 to 30 sets of thermocouple readings were taken between the 
temperature limits of about 42 and 30?c. Each set comprised a reading 
of the copper-constantan couple, a reading of the chromium -copper | 
couple and a second reading of the copper-constantan couple, spaced at 
equal time intervals. The first and third readings were averaged to give 
the hot junction temperature. After making any necessary small correct- 
ions for parasitic effects, the two e.m.f.’s were plotted against each other. 


Fig.1 


To 
potentiometer 


Experimental arrangement for thermoelectric measurements. 


The copper-constantan thermocouple was calibrated in the apparatus 
against an accurate mercury-in-glass thermometer. 

The basic material used in the investigation was a high-grade electro- 
lytic chromium containing 0-015-0:025% oxygen and 0-0004-0-001% 
nitrogen. Spectrographic examination detected no metallic impurity 
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Í cooled copper hearth in an atmosphere of gettered argon, giving a medium- 
to coarse-grained 80g ingot. The nitrogen content was varied by making 
small additions of a chromium-nitrogen master alloy. Fine-grained 


| 
l 
exceeding 0-000295. The usual processing was to arc-melt on a water- | 
| 
1 
| 
Fig. 2 | 
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specimens were prepared directly from the electrolytic pon or B: 
material produced by hot-working larger ingots. Samples owe E 3 
were prepared by annealing the chromium at ~ 1500°c in a moving strean 


of high-purity hydrogen. 


$3. RESULTS 


In all cases, plotting of the thermo-e.m.f.'s gave results typified by the 
curves shown in the upper part of fig. 2; i.e. the experimental points fell 
accurately on a plot consisting of two straight lines joined by a sinami 
curved section in the vicinity of 35°c. The point of intersection of the 
straight lines was taken as the actual ‘ transition ' temperature in each 
case, although the accuracy of location was limited by the relatively s aall 
difference in slope. The corresponding plots of thermoelectric powe! (S) 
of the chromium-copper couple against temperature are shown in ‘he 
lower part of fig. 2. 

The results of the first series of tests are given in the table and it wiii be 
noted that two of the samples contained an addition of 0-1% titanium. 
It has been demonstrated, for example, by Smith and Seybolt (1957), 
that A-group metals of low group number have a powerful ‘ scavenging ’ 
effect on interstitial impurities in chromium, and this addition was made 
with the object of removing virtually all of the nitrogen from solid solution. 
The amount added was somewhat more than enough to ensure scavenging 
of both oxygen and nitrogen. The microfocus x-ray diffraction technique 
for detecting small strains in the specimens was identical with that used by 
Johnstone et al. (1957) in other work on chromium. 

If samples having an average linear grain dimension >0-5 mm are 
arbitrarily designated as coarse-grained and those «0:2 mm as fine- 
grained, the main information in the table can be represented as in fig. 3. 
In this figure, the points at 0% nitrogen refer to the titanium-bearing 
samples. The abscissa is marked ‘ dissolved nitrogen ', but the samples 
containing 0:0072% N, contained some discernible particles of a light- 
etching second phase at the grain boundaries and, in the sample containing 
13% N», these were of sufficient size to be metallographically identified 

hromium nitride. These samples therefore represent the saturated 

solution of nitrogen in chromium. 
3shows that dissolved nitrogen, from 0% to beyond the saturation 
le or no effect on the strength of the thermoelectric anomaly 
he magnitude of AS. Thus, samples of relatively high 
lave values of AS which may be either slightly higher or 
directly comparable samples (indicated by 
ow nitr gen. The observed variations are 
e anomaly vanishing, or even 
L. This finding is in accord 


n 


ng 
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being represented among the high values of AS (near 12%) and also among 
the low values (near 9%). The fact that the two lowest values observed 
were obtained with samples of low gas content cannot be considered 
significant, since other samples of similar purity gave values among the 
highest recorded. 

It will be noted that the three low values of AS plotted in fig. 3 refer to 
coarse-grained samples in a strain-free condition (as indicated by micro- 
focus x-ray) and that no such samples are represented among the high 


Fig. 3 


> 


per cent decrease in S at ~ 35 s (e) 


ASC 


[9) -002 O04 -008 -O12 


Dissolved nitrogen, weight per cent 


The strength of the thermoelectric anomaly (AS) versus nitrogen content. 
Key to symbols : 
Large: Coarse-grained. Small: Fine-grained. 
Filled: >0:01% O,. Open: <0-005% Os. 
Square: Strained. Round: Strain-free (by microfocus x-ray). 


values. It therefore appeared that grain size and the state of strain in the 
specimen might be important in determining the strength of the thermo- 
electric anomaly. A second series of experiments was carried out to test 
this hypothesis. 
Fine-grained samples in various states of strain were prepared fr 
chromium which had been extruded at 1200?c and then rolled to 
at 700?c. This gave the most highly strained condition in the < 
specimens with smaller strains being obtained by vacuum anne zm 
temperatures between 750 and 1225°c. Complete or nearly complete 
recrystallization occured in all specimens annealed at 8806 or hi her, but 
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U tl as small the & vel age 1 " erain dimension of the coarsest 
ain growth Ww I near gr 
g 2 fo} 


gt > : o0 
imen being less than 0:07 mm. The chromium contained 0:02% 
speci 


X -0015 % nitrogen. i l 
or re à 'e prepar i cast chromium press- 
Coarse-grained samples were prepared from 


forged at 700°c, the resulting strains approaching those me mn es s 
Sscoled strip of fine-grained material. The strainswere relieved dame 
ing in the range 1150-1225°c, which caused recrystallization of isolatec 

o 


Fig. 4 
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AS (sper cent decrease in S at ~ 35? C) 


6 
130 140 160 180 200 
Hardness CV.H.N., IKg.) 
The strength of the thermoelectric anomaly (AS) versus hardness. 
O coarse-grained. 
@ fine-grained. 


he grain-boundary regions. However, more than 95% by 
ch of the samples retained the as-forged grain structure, with 
ons of 0:65-0:95 mm. The chromium contained 
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Figure 4 shows the strength of the thermoelectric anomaly (AS) plotted 
against hardness for coarse-grained and fine-grained samples, respectively. 
The results obtained with the specimens used in the first series of tests are 
also included in this figure, with the exception of those containing more than 
0:002% nitrogen. These latter were excluded to avoid the possibility 
of the hardness readings being affected by precipitated nitride particles. 
It is evident that the behaviour of fine- and coarse-grained samples 
is similar, the value of AS rising from about 9% in the fully annealed 


Fig. 5 

207 

18 
$16 
= 
ES 

14 

12 

130 140 160 180 200 


Hardness CV. HN, 1Kg.) 


Thermoelectric power (S) of coarse-grained samples versus hardness. 
© below ~35°0. 
W above ~35°c. 


condition to a peak of about 139$ in the slightly strained condition 
(hardness 137-140), then falling to an intermediate value of 11-12% 
until, at the highest hardness values, the strains present begin to mask 
the transition and the values of AS fall away. _There is however, a 
real (though not spectacular) effect due to grain size, the displacements 
at both ends of the curves being definitely outside experimental error. 

In fig. 5 are shown the values of S for coarse-grained samples below and. 
above the transition temperature, respectively. From this it is seen that 
the peak value of AS in fig. 4 results from the fact that, as the hardness 
rises from 135 to 138, there is a larger increase in thermoelectric power 
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below the transition than there is above it. The decrease in AS at high 

strains is due to the convergence of the curves of fig. 5 as the hardness 

increases beyond 160. The corresponding curves for fine-grained samples 

were of the same general form, but showed more experimental scatter. 

No relationship was apparent between the temperature of the thermo- 

electric transition and the oxygen content, grain size or hardness of the 

samples. It was, however, noted that the three high-nitrogen samples 

gave relatively high transition temperatures of 35:9—-36-3?c, while the two 

titanium-bearing specimens gave the low value of 34-0?c. This latter 

result was presumably due to the slight excess of titanium present over 

that required for scavenging the oxygen and nitrogen, causing a * vall 

| depression of the transition temperature similar to that found in va: ous 

1 physical properties in the presence of other substitutional solutes (ses, for 

i example, Pursey 1958). The transition temperatures of all remaining 

samples were in the range 35-3 + 0-8?c. This is in good agreemen5 with. 

the Néel point determined by Corliss et al. (1959) and with the resistivity 
anomaly reported by Marcinkowski and Lipsitt (1961). 


§ 4. Discussion 


The observed form of the thermoelectric transition, i.e. a simple 
change of slope in the curve of thermoelectric force against temperature, 
is similar to that found by Fine e/ al. (1951) with the chromium-platinum 
thermocouple. 

The curves of fig. 5 show that, both above and below ~ 35°c, the thermo- 
electric power is appreciably affected by strain and the form of the strain 
dependence is similar for the two temperature regions. In fig. 4 it is seen 
that the thermoelectric anomaly is at a maximum when the material is in 
a slightly strained condition. This effect can be likened to the influence 
as of small amounts of metallic impurities in emphasizing the resistivity 

|... anomaly, presumably because an increase in the amount of scattering to 
which the ‘ anti-ferromagnetic electrons’ are subject will magnify any 
ffects due to them. 

Alternatively, the presence of small strains may Operate in some way to 
Improve the degree of anti-ferromagnetic order below ~35°c, thus 
Inereasing the disparity in thermoelectric power between this structure and 
the disordered condition existing above the transition. It was considered 
D eferred orientation existed in specimens annealed to a hardness 
LO, could account for the effect, since it would repre- 
a single crystal than would a randomly oriented 
hough glancing-angle x-ray patterns from fine- 

degree of preferred orientation in the 


mc) 
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Since the samples annealed to 135—140 V.H.N. retained a small amount 


-of cold work, the remaining possibility appeared to be the influence of 


residual elastic stresses. If these were crystallographically anisotropic 
they might well result in preferential domain growth or improved spin 
alignment and thus, an increase in anti-ferromagnetic order below ~ 35°c. 
The influence of stress has been discussed in relation to other anti-ferro- 
magnets, notably manganese-copper alloys (Street 1960). Although it 
was not possible to demonstrate this effect directly, x-ray measurements 
of the residual lattice strains in directions approximately perpendicular to 
the surface of a rolled sample of fine-grained chromium showed a com- 
pressive strain normal to the (220) planes of 23x 10-5, this being of 
opposite sign to the strains measured normal to the (211) and (310) planes 


. and four to five times greater in magnitude. It is therefore evident that 


the internal stresses present in deformed chromium are anisotropic and 
may be sufficient to account for the maxima in the curves of fig. 4. In 
this connection, de Morton (1961) has concluded that the observed effects 
of a superimposed stress on internal friction in chromium result from the 
preferential alignment of domains. 

The displacement of the two curves of fig. 4 at low levels of strain 
(i.e. at hardness values «160 V.H.N.) suggests that, to achieve similar 
values of AS, the fine-grained material requires to be more thoroughly 
annealed and therefore of lower hardness than the coarse-grained material. 
This means that the anomaly tends intrinsically to be less pronounced in 
fine-grained chromium due to the overall lack of perfection of the structure. 
This point has been clearly demonstrated in the neutron-diffraction 
studies of Bacon (1961). 

At high strains (hardness > 160 V.H.N.), the displacement of the curves 
is in the opposite sense, the anomaly apparently being stronger in the 
fine-grained samples. However, this may be a shortcoming of the hard- 
ness test as a method of strain measurement rather than a real effect. 
Thus a high hardness represents considerably less disturbance of the bulk 
of the material in a fine-grained sample than in a coarse-grained specimen; 
for in the fine-grained case there will be a substantial contribution to the 
hardness resulting from grain-boundary constraints, while these will have 
little effect on individual hardness impressions in coarse-grained specimens. 
On this view, a fine-grained sample will have suffered less destruction of 
long-range anti-ferromagnetic order by gross strains than will a coarse- 
grained sample of equal indentation hardness, and will thus exhibit a more 


pronounced anomaly. 
$5. CONCLUSIONS 


It is evident that variations in the nitrogen and oxygen contents of 
chromium from very low levels to values beyond the solid solubility limits 
have very little effect on the strength of the thermoelectric anomaly. 
The temperature of the anomaly is likewise unaffected by oxygen content 
or by the grain size or state of strain of the material. There is, however, 
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ieht increase in the temperature of the effect at high nitrogen 
L samples containing 0-1% titanium. In 
as found to be in the range 


a possible sl ; 
contents and a small decrease in 
all other cases, the transition temperature W 
35:3 + 0-8°C. 

The factors which affect t. 
strain and the crystal size of the m 
influences, the anomaly is clearly disce 
investigated. 

The results can be considered in terms of the onset of long-range anti- 
ferromagnetism below ~35°c. On this basis, the observation that the 
strength of the anomaly is greatest when the material is in è slightly 
strained condition can be interpreted as an effect of anisotropic ‘:3ermal 
stresses on the domain structure. The observed effect of grain-size in 
samples of low hardness indicates that fine-grained material requi:^s more 
complete annealing than coarser material in order to achieve a comparabie 


degree of anti-ferromagnetic order. 


he strength of the anomaly are the state of 
aterial but, irrespective of these 
rnible in all 20 of the specizcsus 
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ABSTRACT 


The £emperature variation of the Griineisen y for Cu, Ag, Au, Al, Na, KCl, 
to is calculated from experimental values of the pressure dependence 
tic constants, using the ‘ anisotropic continuum model ' of Sheard 
958). Except for KCl, a simple summation over six symmetry directions 
of the crystal is sufficiently accurate to replace numerical integration. The 
theoretical results agree tolerably with experiment, except for Si and Ge. 


§ 1. INTRODUCTION 

Tur Griineisen parameter y is defined by y=8VK,/Cy, where B is the 
cubic coefficient of thermal expansion}, Kis the isothermal bulk modulus 
and C, is the heat capacity at constant volume of a volume V of material. 
It provides a measure of the anharmonicity of a crystal, and is related in 
the Grüneisen theory of thermal expansion to the variation of lattice 
vibrational frequencies with volume (see, for example, Ziman 1960, $ 3.7). 
Traditionally the Griineisen parameter is regarded as a constant, indepen- 
dent of temperature and lattice frequency, with a numerical value ~ 2. 

But this pieture is known to be inadequate. Recent experimental 
work on thermal expansion (e.g. Rubin ef al. 1954, 1961, White 1960, 
1961, 1962) has provided strong evidence that for a number of solids y 
varies with temperature. Barron (1955) and Blackman (1957, 1959) have 
studied the lattice dynamics of some idealized ionic models, and have 
shown that variations in the value of y are to be expected in the tempera- 
ture region T/O ~ 0:2. 

The dependence of lattice frequencies on strain is directly related to 
elastic anharmonicity in a crystal. Slater (1939) used this to caleulate a 
* Griineisen parameter ’ for an isotropic solid from measurements of the 
change in bulk compressibility with pressure. ‘This parameter can only be 
identified with the y obtained from thermal expansion if Poisson’s ratio is 
independent of volume. This is not the case in general, and agreement with 
experiment was understandably only fair. More recently Horton (1961) 
has incorporated observed values of the temperature variation of the elastic 


ee 
+ We are here concerned only with the thermal dilatation due to the lattice, 
and do not consider any contribution from conduction electrons. 


X2 
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constants of Cu into a specific force-constant model, and has estimated | 
yasa function of temperature. Agreement between theory and experi- - 
ment is quite good. 


Sheard (1958) related the volume dependence of the individual normal Y p5 
mode frequencies (i.e. Yq, p for mode q and polarization p) to the pressure | 
dependence of the elastic stiffnesses c;; for an anisotropic, elastic continuum. | 
By taking suitably weighted averages of y, p over the phonon spectrum he 
calculated values yp Y, for the extreme cases of very high (T > ©) and very 
low temperatures (T «&O) respectively. The model is admittedly over- 
simplified, but Sheard’s results for KCl, NaCl and the noble metals showed 


encouraging agreement with values of y derived from therma! expansion F 

data. | 
In the present paper Sheard's approach is used to calculate the tempera- | 

ture variation of y for Cu, Ag, Au; Al, Na; KCl, NaCl; Si and Ge, in the 

range0 « T « œ. Heavy numerical computation is avoided by the use of an * 

approximate procedure for averaging the values of y over the phonon f 


spectrum. For the noble metals y(T) is estimated to within 575 of the l 
values obtained from thermal expansion measurements, while in the case i 
of Ala 5% rise in y with falling temperature is predicted (a rise of about 
13+7% has recently been found experimentally). Agreement is only 
within about 30% for the two alkali halides, which show very large tempera- 
ture variations in y. The principal inadequacies of the anisotropic 
ONE continuum model are discussed, and reference is made to the anomalous 
TEC thermal expansion of Si and Ge. 
In $2 the theoretical formulae linking thermal expansion and elastic 
anharmonicity are outlined, and the expression for y obtained ; the numeri- 
j cal computations are described in $3; and, finally, in $4 the results are 
presented and discussed in relation to available experimental data on 
thermal expansion. 


b $2. THEORETICAL FORMULAE FOR y 


E The coefficient of volume expansion of a solid is defined by 
oW UN c d er 
dm coe ral 329) ipe 


where F is the Helmholtz free energy. In the harmonic approximation 
e unit er tal containing N ions is equivalent to a set of independent 
oscillators with 3N normal modes of vibration. The free energy 


ode of wave number q and 
ws from eqns. (1) and (2) 


— rá 
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Here 
Yap — (din co, pl In V), 


anc C. „is the contribution to the lattice specific heat C, from the mode 


kT 


252 anisotropic continuum model assumes that 


UR E (=) exp (lw, »/kT) 
q, 7 [ 


exp (fio, pl kT) — 1 


Wop qs,(8, $); 


where s,(, $) is the velocity of a sound wave of polarization p travelling 
in the direction (0, $). If c,(0, $) is the elastic constant appropriate to 
this wave in a medium of density p, i.e. if 


PSp (8, $) z c; (8, $), 
it follows that 


x(T)- X (8,8) F 6, 0.629]5 | Flepp O, pd (4) 
PJ pé 


Here 


oP 


is calculated using experimental knowledge of the pressure dependence of 
the elastic constants ; Q denotes solid angle within the Debye sphere ; 
and z,(0, 6) is the ratio ©,,(8, ¢)/7’, where ©,(8, $) is the Debye temperature 
for waves of the pth branch propagated in the direction (6, $). The 
transport integral : 


J (£) = I we" (e — 1)-2 du 
0 


val 9) - Ve (PIS) E PEE. (5 


has been tabulated, for example, by Rogers and Powell (1958). 


$3. NUMERICAL ÜOMPUTATIONS 


An approximate integration of the Griineisen parameter over the unit 
spherical triangle in reciprocal space was carried out on a desk calculator. 
The integrands in eqn. (4) were averaged over the six directions [001], 
[101], [111], [102], [112], and [212] ; weighting factors for each direction 
have been given by Betts et al. (1956). In effect the integrand, which has 
cubic symmetry, is fitted in each of the six directions to a six-term expansion 
in Kubic Harmonics, and the series averaged analytically over the complete 
solidangle. This procedure results in a considerable saving in computation 
as compared to the numerical integration used by Sheard to calculate 
yg and yr: 

The secular equations for the propagation of elastic waves in a continuum 
(see, for example, de Launay 1956) were solved in each of the six directions, 


and the quantities c,,(0, $), 0c,(0, )/aP, S, (8, $) and ©,(9, $) were expressed 
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in terms of the three stiffnesses c11, €12 and c44, and their pressure derivatives 
The values of these quantities were taken from experiment. Fr on OBS 
(4) and (5) of $2; y, (8, $) and y were caleulated for the temperature range 
Q«T «co. Using the same averaging technique a temperature sealing 
factor Gs, was calculated from the relation (e.g Blackman 1955, p. 341) 


Ot = 129) [8,10 4) a2. 


P? 

Betts et al. claim an accuracy of about 1% for the method when used to 
calculate the Debye temperature Oo of crystals with an elastic emisotr Dy 
factor (613 —¢12)/ 2c,, between 0-25 and4-0. Thiscriterion should irelevant 
to the present problem whichinvolvessimilarintegrands. Amovs: 
ing check is to compare our high and low temperature limits 
with Sheard's yg and yr, respectively, as the latter values were c 
accurately. Where the same elastic data have been used agr 
within 195, with the exception of the low temperature vaio 
where, from the same values of y,,(9, $), yo is 0:43 as compare Mo, 
[The variation 2:86 2 y,(0, 9) 2 —0-86 of the individual values of y,,(9, $) 
appears to be too large for accurate representation by a six-term series 
(but see footnote to $4).] i 

The experimental values of the pressure derivatives are uncertain to 
between 2 and 495, while the error introduced by using adiabatic rather 
than isothermal derivatives is about 2% also. A possible source of error 
at low temperatures is the use of room temperature values of the elastic 
constants and their derivatives. As no experimental data have yet been 
reported for the pressure derivatives below room temperature, this error 
is not easily estimated. Within the confines of the model, the overall 
accuracy of the calculation is probably about 6%. 


$4. RESULTS AND DISCUSSION 


In figs. 1-4 y is plotted as a function of reduced temperature for those 
substances for which data on the pressure dependence of the elastic constants 
are available. Also shown are values of y derived from measurements of 
thermal expansion, and Sheard’s values for yg and y,}. The sources of 
both the elastic and expansion data are summarized in the table, together 


= 2 with the theoretical and experimental values of yẹ and yo: 


Transvers lattice modes are generally affected less by lattice strain than 
udinal modes, i.e. they yield smaller values of y,,(8, 4), so that y 
the temperature falls and longitudinal modes * freeze out’. 
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tinuum model nor the ultra-sonic techniques used to measure 


] 
] 
TELS pe take account of the behaviour of very high r 
| 
| 


the elastic parameters can 
frequency lattice modes. 
low frequency behaviour using a theor 


This is estimated by extrapolation from the 
y which neglects dispersion. 


Fig. 1 
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IO 
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y as a function of reduced temperature for the noble metals : ————— present 
calculations ; —,I— Sheard (1958) yg; —— ò - — experimental. 


The anisotropic continuum model describes the variations in Yp(b, p) 
quite adequately (cf. fig. 5(a)), but it does not give a good representation 
of the lattice spectrum. Its spectrum extends to higher frequencies than 
an oceur in the discrete lattice, and it is smoothed out into a featureless 
and (fig. 5(b)). At high temperatures the continuum model over- 
emphasizes contributions from longitudinal modes. ‘Then, as the tempera- 
lls, modes are frozen out at a uniform rate over a wide temperature 

rete lattice freezing -out commences more suddenly 
Our calculated values of y should therefore 
aduall; from the high temperature limit than 
ne evidence for this in the ee 
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| Fig. 2 
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i y as a function of reduced temperature for KCl and NaCl; ————— present 
| calculations; —gg§— Sheard (1958) yr, yg ; -———— experimental. 
Fig. 3 
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y as a function of reduced temperature for Al and Na: ————— present 
calculations; ——-—-—, © experimental. 
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| out 100?x ; the results reproduced here were 


experimental values below ab 
obtained in this laboratory rec 


date. . ME : PAI 
The two alkali halide crystals show large variations m y with temperature, 


and agreement with the thermal expansion data is only fair. In the case 
of KCl the averaging procedure is not adequate to cope with the extreme 
anisotropy of y,(8, $) (fig. 5 (a). and the low temperature limit may be 
inaccurate to about + 0-10. 


| Fig. 4 


ently and are felt to be the most reliable to 
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y as a function of reduced temperature for Si and Ge: —————— present 
E calculations; — — A — — Daniels (1962) yọ; — — — — experimental. 


e thermal expansion of Ge and Si is unusual (fig. 4). The present 
re istent with high temperature values of y which have been 
j entally, and are within 2% of the theoretical low tempera- 


he discrepancy cannot 
is need for a closer 
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(b) 
(a) Variation of yp(0, $) for KCl along the principal symmetry planes : 
——  quasi-longitudinal mode; -—-—-—-— quasi-transverse mode ; 


—— - —— -transverse mode. (b) Lattice frequency spectrum of KCl: 
—— - ——- lattice dynamics (Iona 1941); ————— anisotropic 
continuum (present approximation); ———— anisotropic continuum 
(possible shape if integrated exactly). 


temperature range between thermal expansion and the dependence of 
elastic constants on pressure. Further, except in cases of extreme 
anisotropy in y, a simple computation requiring knowledge of y in the six 
directions [001], [101], [111], [102], [112], and [212] can produce results 
which are as accurate as the model and data warrant. 
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Surface Structure of Water and Ice 


By R. J. Warrs-TonrN 


Medical Research Council Laboratory for Molecular Biology, Hills Road, 
Cambridge 


[Received 23 October 1962, and in revised form 10 November 1962] 


THERE appear to be some serious inaccuracies in a recent paper by Fletcher 
(1962) with this title. Init the author comes to the conclusion that at the 
free surface of water the molecular dipoles are orientated for about ten 
molecular layers with their negative ends out. 

The principal mistake made is in neglecting the dipole-dipole inter- 
actions between water molecules. This interaction would produce a 
strong depolarizing field (analogous to the demagnetizing field in a cavity) 
on a molecule in an orientated layer. Such a layer would therefore be 
unstable. Fletcher states that he neglects this interaction on account of 
Pauling’s approximate calculation of the zero-point entropy of ice (1935). 
However, the agreement between Pauling’s calculation and the measured 
zero-point entropy only shows that most of the configurations of an ice 
crystal have much the same energy. It certainly does not show that a 
fully polarized ice crystal has almost the same energy as an unpolarized 
one. 

As a result of this confusion, Fletcher only takes account of second- 
order contributions to the energy of the water surface, such as the inter- 
action between defects in the bonding, and the asymmetry of the water 
dipoles. In addition the model of a water surface used in the paper is 
unrealistic. It is assumed that a very close comparison can be made 
with bulk ice. Modifications of the structure could affect the surface 
entropy considerably: this must depend very much on the possible 
vibrations of the molecules. 
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Low-temperature Resistivity Behaviour of 
Molybdenum-Iron, Niobium-Iron and Palladium-Iron Alloys 


By B. R. Cores 
Physics Department, University of California, La Jolla, U.S.A.f 


[Received 16 November 1962, and in revised form 8 December 1962] 


Tue dilute alloy problem has been considerably illuminated by recent 
theoretical and experimental work. Friedel (1958) and Blandin and 
Friedel (1959) have discussed alloys of transition metals in copper and 
aluminium in terms of virtual bound states. Matthias et al. (1960) and 
i Clogston ef al. (1962) have carried out some very elegant experiments on 
| the behaviour of iron in metals and alloys of the 4d transition group; and 
Anderson (1961) and Wolff (1961) have developed theoretical models for 
the discussion of these results, and in particular of the dependence on the 
| nature of the solvent material of the tendency of solute iron atoms to 
| carry a localized moment. In solution in molybdenum, where the density 
| of states is low, iron carries a moment and strongly depresses the super 

conducting transition temperature; in niobium, where the density of 
states is high, it carries no moment and has little effect on the super- 
conductivity; whereas in palladium, where the density of states is high 

but the d-band is narrow and almost full, it carries a moment and appears 

to induce one on neighbouring solvent atoms. 

It is well known that the presence of local moments on atoms dissolved 
in copper, silver and gold is a source of anomalous low-temperature 
resistivity behaviour. (A low-temperature decrease in resistance in 
materials such as Cu-Mn is clearly associated with a cooperative inter- 
action of such moments through the medium of the conduction electrons, 
and a low-temperature increase in resistance has been ascribed (Brailsford 
and Overhauser 1960) to the scattering behaviour of close pairs of solute 
atoms. Since the latter occurs in the temperature range where the normal 
resistance is almost constant, it gives rise to a resistivity minimum; while 
the former, when occurring at a temperature below that of such a mini- 
mum, gives rise to a resistivity maximum.) It is therefore of interest to 
examine the resistivity at low temperatures of transition metals containing 
small amounts of iron. 


T Now returned to Imperial College, London, S.W.7. 
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In the course of an extensive series of resistivity measurements, using 
both second and third transition-group metals as solvents for iron, we 
have found striking effects in some such alloys. Data for various Mo- Fe 
alloys are shown in the figure, but corresponding Nb-Fe alloys show no 
abnormal variations of resistance with temperature above the super- 
conducting transition temperature. This is extremely direct evidence 


10 20 


E purae resistivities (in microhm cm) of dilute molybdenum-iron 
d : $ hee m nomic nee sees are given by the numbers 

j Irves. marked <(-02 is an arc-melted specimen 

of commercial purity molybdenum, containing some, but less ha 0:02%, 


iron. Th ; 
hb. ae molybdenum contained less than 0:001% of iron or 


produced by iron, but only when the iron atoms 
The M e alloys also showed, again like 
at and below the temperature of 

on th /o M 
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in the figure seem to be the first evidence of both maxima and minima in 
transition-group metals. 

Very dilute Pd—Fe alloys (~0-1 at. % Fe) showed a decrease in resist- 
ivity below about 2°x, but no sign of a minimum above it, although 
Au-Fe and: Mo-Fe alloys of similar concentrations show well-defined 
minima in the 2?-20?k temperature range. Taken in conjunction with 
the magnetic data for the Pd-Fe alloys (Clogston et al. loc. cit., Crangle 
1960), this behaviour suggests that here the iron atoms interact strongly 
enough with the neighbouring palladium atoms to remove the special 
signifieance of the nearest-neighbour iron pairs that give rise in other 
systems to the minimum, so that the only resistivity anomaly is a decrease 
below the temperature of the ferromagnetic ordering. Fuller details of 
this work and results for a number of other alloy systems will be published 
later. 
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Structural Disorder in Photolytic Silver 


By G. C. FARNELL and R. B. FLINT 
Research Laboratories, Kodak Limited, Wealdstone, Harrow, Middlesex 


[Received 9 November 1962, and in revised form 22 November 1962] 
RECENTLY it has been shown by Horne et al. (1962) that silver produced 


oy exposure of silver iodide to electrons exhibits variations in opacity 
when viewed by transmission in the electron microscope. It was suggested 


o 
Lr 2000A 4 a 


* 


Electron micrograph of platelets of photolytic silver produced within a 
tabular silver bromide microerystal by exposure to light. 
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that this appearance was due to the presence elc 
faults. The purpose of this note is to draw attention to very similar 
effects found in the photolytic silver produced by exposure of tabular 
silver bromide microcrystals to light. These microcrystals of 5-10 u 
edge-length, were precipitated in gelatin solution and exposed in a gelatin 
coating. After exposure they were separated from the bulk gelatin by 
centrifuging a gelatinous suspension and coated on a collodion film. The 
silver bromide was then removed by treatment in 20% sodium thiosulphate 
solution to leave the photolytic silver within the gelatinate shells (Hamm 
and Comer 1953) possessed by the grains precipitated and treated in the 
above fashion. A transmission electron micrograph of plateicis of photc- 
lytic silver formed within a grain and obtained in this way is : eproducea 
in the figure. The variations in transmission due to arrays of faults, 
probably twins, are readily evident. It is thought likely : 
disorder is introduced during and after removal of the silver hali 


of twinning and stacking 
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Irradiation and a Nabarro Effect 


By D. MosEDALE 


Dounreay Experimental Reactor Establishment, Dounreay, Caithness 
[Received 16 October 1962, and in final form 15 December 1962] 


NABARRO (1948) has derived an expression for the strain rate of a specimen 
in which creep occurs by the stress-directed diffusion of point defects 
generated continuously by neutron irradiation. The strain rate € is given 
by - 

. 2ua? 

¿= Arp Bed (Wiy+ Wig Wirt War) o) 
where a is the lattice spacing, 7' the absolute temperature, £ Boltzmann's 
constant, A the specimen grain-size and p is defined for the steady state by. 

jum Vw Iw. ccr e ee 9 
The W and v are potential energy terms and defect jump frequencies 
respectively with subscripts indicating vacancies (V) or interstitial atoms 
(I); V and J are the vacancy and interstitial atom concentrations. The W 
are of two forms W, — «Pa? and W,=8P?a3/2K, where P is the hydrostatic 
pressure, the bulk modulus and « and f constants of order unity. By 
choosing values of the parameters of eqn. (1) so as to make the strain rate 
as large as possible with feasible experimental conditions, an upper limit 
can be set to the rate expected. To evaluate grad XW for a particular 
example, consider the pure bending of a strip of thickness 2h. This geo- 
metry can, in principle, provide as steep a gradient as one wishes. At a 
distance r from the neutral axis we have 
Prec 3) 
where c is the fibre stress at r =% (see, e.g. Sokolnikoff, 1956, p. 105). With 
our geometry grad XW —d (X W)/dr, which takes the maximum value at 
r — h of 2ca*(1 + (o/3K))/3h, so we may write 
grad Y W —2ea3[3h, n n s (4) 
since o/3K <1 for reasonable values of c. 
In the steady state the value of wis given by the positive root of Nabarro’s 
eqn. (20): 
pA (nyvy +Nnyyr)/tvgvr t u= AaR, . . . .. (5) 


where the n are the numbers of possible sites of defects of opposite sign 
(nV refers to interstitial sites) newly encountered at each jump by a defect. 


Rudee (1959) equates the quantity R with $ the neutron flux but, we 
believe, Nabarro’s treatment requires 


R=omplas,: 0:00 MR - (6) 


Z2 
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and m the number of Frenkel defects 


e c is the scattering cross section | 
Eu ja If nearly all the defects diffuse to 


produced by each primary knock-on. 
the grain boundaries we have 


MAH Noc CR RUM ICTU US (7) 
and this approximation is valid when 
A*aR(n,v,-Emwlwrél ee (8) 


Using eqns. (4), (6) and (7) in (1) and the following values of the parameters, 
a=3x 10cm, 7 =300°K, « =ß=1 (this assumption should give a high 
estimate), 22= 1 mm, C —3 x 10-24 em?, m= 100, d= 10 neutrons cin-? sec 
and o= 1-4 x 10? dynes em? (~ 10 t.s.i.), the creep rate is about 16-? hr™t, 
If the temperature of the experiment is reduced below ambiens t: 
rate increases (eqn. (1)) providing eqn. (7) still holds, since this ; 
maximum value of u for a specific neutron flux. As the temr 
lowered, the steady-state concentrations of defects increase, 1€ 
tion begins to compete with the diffusion of defects to the bound: 
the value of u decreases. The interstitialcies are much more mobile than 
the vacancies (Cottrell 1956) and it is the behaviour of the latter, controlled 
by the effect of temperature on vy, which determines the temperature 
below which recombination predominates. Since vy depends exponentially 
on the temperature and the weaker dependence explicit in eqn. (1) cannot 
offset this, there is a fairly sharply defined temperature below which the 
creep rate falls off rapidly. An estimate of this critical temperature can be 
obtained from the inequality (8) which, since ny % ny and vr > vy, reduces to 
the requirement 


ves the 
ire ig 
combima- 
ies and 


Pons aes oe Oo c oe) 


To achieve the lowest critical temperature A must be as small as possible 

and following Friedel (1961) in identifying ‘grain-size’ with the distance 

between polygon walls, we put A = 10-3 cm, n; is conveniently taken to be 3 

í and the left-hand side of the inequality (9) then has the value 10°. The 
Se jump frequency of a vacancy is 

Ho = Be) —- QI. a 6 6 6 o e NU) 

= where f, a frequency of the order of the Debye frequency, has the value 

105 sec^!, B a constant incorporating geometrical and entropy factors is 

I ken to be 10 and Qis the energy of movement of a vacancy (Lomer 1959). 

or copper Q is about 0:7ey and w, takes the values 103 ,104, 105 at the 

TO te t tures 320, 350 and 390?x respectively, so that the 

opper, which occurs near the top of thistemperature 


e test temperature 
ng as low a value 


2 


— — 
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limit to the stress o defines the distance h over which the stress must fall to 
zero for a certain strain rate. In seeking the effect experimentally it might 
be feasible to gain a usetul increase in strain rate by reducing the specimen 
thickness, but perhaps the largest effect would be seen using dislocation- 
Tree ‘whiskers’ to raise the permissible stress. This effect is unimportant 
£6 2 cause of macroscopic deformation in irradiation studies using specimens 
ot more typical dimensions but there is a possibility that stresses on a 

;roscopie scale, e.g. round inclusions, could be relaxed by this mechanism. 
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Measurements of Stacking-fault Probabilities in Bulk Specimens 


By H. M. Orre and D. O. WgrcHT 
RIAS (Research Institute for Advanced Study), Baltimore, Maryland 


and G. F. Bottinet 
Westinghouse Research Laboratories, Pittsburgh, Pennsylvania 


[Received 18 October 1962, and in revised form 23 November 1962] 


RacENTLY Welch and Otte (1962) pointed out that residual elastic strains 
can affect measurements of the stacking-fault probability, œ, in face- 
centred cubic metals. The purpose of this note is to consider one case in 
detail, where strains were not examined, and to draw attention to some 
precautions which must be taken in interpreting the measured shifts of 
x-ray reflections. 

In the investigation of zone-refined lead by Bolling ef al. (1961), bulk 
specimens were examined at 4-2?x and 77°K. The deformation at temper- 
ature was performed by scraping the surface of the specimens (gouging). 
Even though the nature and distribution of any residual lattice strains 
would be quite complex and certainly would depend on the exact manner of 
deformation, it is possible that a residual strain predominantly of one sign 
was left in the specimens. This strain would lead to a shift in the position 
of each x-ray reflection depending on the scattering angle and the elastic 
constants. Since lead is more anisotropic elastically than the other f.c.c. 
metals, it turns out that the effect of residual lattice strains is relatively 
most important for lead. 

When residual elastic strain and faulting are both considered, the 
following equation should be used to calculate a: 


OWN aC otlil es go a a (Hh) 


p-@ p-d 
Here, 5A26,,_, represents the change in separation between the pth and qth 
x-ray reflections; H,_,, as defined by Wagner (1957), are coefficients 
relating the change in separation to the faulting probability ; and K,,_, are 
coefficients relating the change to the residual stress, c. The constants 
Kp-q are derived simply from the differential form of Brage’s law and the 
definition e, = Kc ; i.e. 


K, a=- K, tan 8, ~K ,tan6,). iuge p oan (2) 


{ Now at Department of Metallurgical Engineering, Universit f 
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The moduli K, can be caleulated from the elastic constants under the two 
simplified extremes of constant strain or constant stress existing throughout 
the specimen. Greenough (1952) gives the equations for the strain ej, in 


the Akl direction and it follows that 


— (C, 4- 40, — 2C as) 
= m SS nd ESA 
K,[e const. ] 2(C1, + 2C2) (Ci = Cis SE 3C 44) 


and (3) 
=, " (Sur — 8,4 —384)) (PE? + kl? + Ph?) 
K [o= const.] ^ S12 + (2+ FPF , 
where C;; and S;; are the elastic constants and r—A2--k?--7. In most 
cases, however, the best agreement with observation is not obssiced under 
actual 


these extreme assumptions; better agreement is obtained. 
residual strain distribution is considered to be somewhere 
limits of isotropic stress and isotropic strain (Greenough 1952, Welch anc 
Otte 1962). The K, for this assumed situation is chosen here to be the 
average of the values of K, in eqn. (3). 

The stress and the faulting probability can both be derived from eqns. (1) 
if the change in separation between two pairs of x-ray reflections are 
measured. For the zone-refined lead such changes were measured at 4-2°K ; 
the reflections involved were the 111, 200 and 220, lines 3, 4 and 8 respect- 
ively (Bolling e£ al. 1961). The value of the coefficients to be used for lead 
examined with CuKa radiation (A= 1-5418 A) are given in table 1. 


sesween the 


Table 1. Coefficients and data used in eqn. (1) for lead at 4-2°Ky{ 


Quantity p—q=4-3 p—q=8—4 Units 


First cold 
work 826 —0-03,(3:0-01) | 0-02,(+0-02) | °(26) 


| Second cold 
work 8.420 —0-04,(2-0-01) | 0-03,(+0-02) | *(20) 


= 4-5] °(26) 
0-00053 0-00181 *(20) mm?/Kg 
.0:00930 | —0-00445 
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^ Table 2. Calculated values of stacking-fault probability and residual 
Stress 
First cold work 
Quantity Assumptions 
«=0 e=constant | o-constant | Mean case 
|a Mone }0-006, 0-007 0-003 0:004 
i 
| o (Kg/mm?) 0 —6 —2 —3 
e Second cold work 
| Quantity Assumptions 
EIU e= constant c — constant Mean case 
" Rene joo, 0-012 0-005 0-007 
c (Kg/mm?) 0 —8 —3 —4 


Caleulated values for the stacking-fault probability and the residual 
stress are given in table 2. The usual assumption of zero residual strain 
(K =0) gives values of « very close to those derived at the assumed extreme 
of isotropic strain. However, the stress values for both seem unreasonable; 
o=0,or —6and —8Kg/mm?. At the other assumed extreme, of isotropic 
stress, the value of « has been appreciably diminished and it is also some- 
what diminished under the assumed, mean case. The four values of stress 

| from —2 to — 4 Kg/mm? fall below the stress at the beginning of necking 

| observed in single crystals of lead deformed in tension at 4-2°x (Bolling ef al. 

| 1962); and because it is not unusual to obtain high values of stress in com- 

| pression these values must be considered reasonable. Since the deformation 

P was by gouging, any residual strain in the direction of the surface normal 

| would most likely have been predominantly positive, reflecting a transverse 

compressive stress in the deformed surface. The calculated stresses are 
| therefore of the expected sign. 

l In the investigation at 4:2°x, specimens of aluminium and a Cu-30Zn 
alloy were also deformed by gouging. Unfortunately, the results from 
neither material can be used to clarify the effects of residual strain. Alu- 
minium is quite isotropic elastically and there would have been little 
effect. The brass, on the other hand, is anisotropic elastically, but it 
faults profusely and the changes in line separation due to the deformation 


faults would most likely have masked any effects of residual strain due 
to the anisotropy. 
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Other experiments (Welch and Otte 1962) have shown that residual 


elastic strains can make a significant contribution to the peak shifts in an 
anisotropicf.c.c.alloy. It can also be concluded here that the contribution 
is measurable in lead if the averaging assumption holds true, and quite 
significant, if the extreme of isotropic stress holds true. In the work 
performed by Bolling et al. (1961) the 8^20, was primarily relied upon; 
it is however advisable in this sort of experiment to examine as many 
x-ray peaks as possible in order to take account of the contribution due to 
residualstrains. Finally,the precaution should be added that, even though 
the use of filings provides an averaging that should eliminate the extreme 
of isotropic stress, it is not clear that the effects of residual else: strain 
have been experimentally shown to be negligible. 
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The Aluminium-Technetium System 
The New Phases TcAÍ,, TcAl, and Tc,Al, 
By L. M. r'Arrz pa Veicay and L. K. WALFORD 
Crystallographie Laboratory, Cavendish Laboratory, Cambridge, England 
[Received 26 November 1962] 


Tag aluminium-technetium system has been investigated in this 
laboratory ; the phase TcAl, has already been reported (da Veiga 
1962). In the present note the existence of a further three previously 
unknown phases is reported : TcAl1;,, TeAl, and Te;Al;. 

The phase TcAl;, has a b.c.c. structure with a= 7:5270 + 0:0003 å and is 
isostructural with WAI,, (Adam and Rich 1954). The crystals are well- 
shaped icosahedra. 

The phase TcAl, is monoclinic with cell dimensions a=5-1, b= 17-0, 
c—5:1À (all 0-14) and B=100°+1°. The crystal habit is plate-like 
with b perpendicular to the plane of the plate. Zero-layer Weissenberg 
photographs for the 010 zone of TcAl, are similar to those for MoAl, 
(Leake 1962, private communication). 

'Te5Al, is trigonal with a— 4:16, c—5:13& (both 40-014). This phase 
is thought to have the Ni,Al, structure (Bradley and Taylor 1937), the 
change in unit cell volume being consistent with the atomic volumes of 
Te and Ni. 

The refinement of the structure of the phases TcAl,, and TcAl, is now 
being undertaken. 
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Experimental Determination of Fermi Surfaces 


An Extension to Metallic Compounds and Alloys 


By A. BEck, J.-P. Jas, W. B. Prarson and I. M. TEMPLETON 


Division of Pure Physics, National Research Council, Ottawa 
[Received 11 December 1962] 


Tur past few years have seen some exciting developments in metal 
physies due primarily to Pippard, Shoenberg and co-workers, whereby 
the geometry of the Fermi surface of pure metals can be determined 
experimentally by various methods but most fundamentally from de Haas- 
van Alphen oscillations in the magnetic susceptibility. 

Studies of metallic compounds which we have made show that they may 
frequently be obtained with room-temperature resistivities and residual 
resistance ratios scarcely inferior to those of pure metals, indicating 
considerable perfection of arrangement of the component atoms on the 
crystal lattice and suggesting the possibility of obtaining d.H.—v.A. data 
for these compounds. Saito (1962) first obtained d.H.—v.A. oscillations 


i 
i 
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De Haas-van Alphen oscillations in [001] AuSn at 4-2°x. The upper trace 
contains signals from the two longer periods. The lower trace shows 
the field increasing from about 60 to 65 kilogauss. 
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for a metallic compound (Biln) using the torque method, but made no 
particular comment on it. We have now investigated a number of metallic 
compounds with common structures using the pulsed magnetic field 
technique (Shoenberg 1957), and have found that d.H.-v.A. oscillations 
can indeed be obtained. The results are summarized in the table, and a 
typical signal obtained from AuSn, is shown in the figure. It should 
therefore be possible in principle to determine the geometry of the Fermi 
surface of such substances experimentally. 

The strength of the signals obtained from some metallic compounds and 
the relatively low residual resistivity of an Ag-Zn alloy with the 8-brass 
structure led us to believe that oscillations could also be obtained from 
some intermetallic phases. We have now obtained good d.H.—v.A. signals 
from a single crystal of the ordered f-brass Au-Zn phase and are pro- 
ceeding to study appropriately oriented crystals for a direct experimental 
test of the explanation of Hume-Rothery’s rules. (Note the 8-Cu-Zn 
phase probably cannot be studied because of martensitic transformations 
on cooling.) 

The data briefly given here confirm our belief that a technique for the 
experimental determination of Fermi surfaces which has been developed 
for pure metals can be extended at least to some alloys and metallic 
compounds. 

REFERENCES 
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REVIEWS OF BOOKS 


Quantum Mechanics. Vol. 1. Old Quantum Theory. By S. Tomonaca. 
Translated from the Japanese by Kosurpa. (Amsterdam: North-Holland, 
1962.) [Pp. 313.] Price £3 10s. Od. 


THIS is an attempt to set out in modern terms the theory of atomic structure 
as it developed up to 1925. It expounds such topics as the Planck formula, 
Bohr’s theory, and the original formulation of Heisenberg’s Matrix Mechanics. 
The author has clearly gone to great pains to show how each step can be made, 
and to give the logical and mathematical arguments by which the strange new 
physical phenomena were interpreted. As such it is an admirable exercise of 
the intellect. Yet as a text-book for students of physics it seems quite the 
wrong way to go about it. Almost all of this theory has now been subsumed 
in modern quantum mechanics where almost all the mysteries are dissolved 
and most of the results are shown to be derivable without special assumptions 
from a few general principles. With all the new physics to assimilate, should 
one load them up with such a quantity of obsolete learning—and can it really 
be held that every student must pass through all the trials and tribulations of 
the historical development before he can reach an understanding of our present 
position ? It is true that many of the subjects that are discussed would form 
part of any curriculum of theoretical physics, but they are explicable much 
more easily outside of their historical context. 

Indeed, I believe that books like this do positive harm by creating a falsely 
smoothed history of science. Professor Tomonaga gives us an interpretation 
of events that looks too easy, too logical, too much as if physics were possessed 
of an infallible technique by which the correct theory could be cerebrated from 
the phenomena, without false trails and blind alleys. He gives no references 
to the original papers, and chooses only to discuss ideas that turned out to be 
right. On the stock exchange they have a name for it: * Jobbing backward — 
invoking hindsight to make paper profits after the event. The development 
of quantum theory is obviously one of the great case histories in science, but to 


learn from it we must see it exactly as it happened, not as a heroic myth. 
J. M. ZIMAN 


The Classical Theory of Fields. Revised 2nd edition. By L. D. Lannau and 
E.M.Larsurrz. Translated from the Russian by M. HAwERMESH. (London: 
Pergamon Press, 1962.) (Pp. 404.] Price £4 0s. 0d. 


Tur revised second edition of this indispensable work needs no discussion: 
itis the standard authority on its subject. Yet it is of interest to meditate 
a little upon its style, and to try to discover the secret of its success. This 
seems to be the uncompromising simplicity, clarity and precision of the writing. 
Everything that can be said accurately is written down explicitly in a succession 
of pure, short sentences. The mathematical argument, with the physical laws 
from which it springs, is so clearly expressed that its logic carries one along 
with it. For the exposition of a relatively complete and well-organized subject 
such as electromagnetism this style is perfect. Whether it is appropriate in a 
more speculative field is more doubtful: the student would fail to learn that 
everything we say is tentative, uncertain, and always in need of further corrob- 
oration. ‘The final chapter, for example, on ‘ Cosmological Problems’ touches 
upon one of the most complex and controversially active fields in modern 
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356 Reviews of Books 
authoritative voice of the authors, carrying no 
other works, of inner conflicts, seems danger- 
ously misleading. 1 suppose the ultimate aim of physics is to reduce the be- 
haviour of matter to a series of volumes expounding all the laws in this. unequi- 
vocal style: in that quest, itis better to travel than to arrive. J. M. ZIMAN 


physies—and here the calm, cool, 
hint, by its tone or by reference to 


Atomic and Molecular Processes. Pure and Applied Physics. Vol. 13. Edited 
by D. R. BATES. (London and New York: Academie Press, 1962.) [Pp. 
904.] Price £6 19s. 6d. 

THIS is a compilation of over twenty review articles written by specialists in 

their respective fields. The ' processes ' referred to in the title aro t»c inter- 

actions of atoms and molecules with light, with high and low energy elostrons, 
with ions, and with other atoms and molecules. The field is enormous l the 
overlap between the different articles is not very great. Both experiime:tai and. 

theoretical aspects of the various topics are treated. In so far as xi-:6 is a 

common basis, it is to be found in Massey and Burhop’s book on. Elecivouie and 

Ionic Impact Phenomena, published ten years ago. 

The present volume is an impressive monument to the thoroug! 
which the various processes have been studied. On a more practica level, it 
will be an indispensable source book for those whose primary concern is not 
with the individual processes, but with phenomena in which these processes 
play an important part. The probable interests of such readers presumably 
dictated the inclusion of articles on. shock waves, on the relaxation of molecules 
in gases, and on rates of chemical reaction, to the exclusion of topies such as the 
processes of magnetic and electric resonance between atoms and electromagnetic 
fields, which one might have expected to find discussed after the articles on 
forbidden and allowed transitions. The general reader might regret the frag- 
mentation which arises from multiple authorship, but finds that most of the 
articles do begin at a point where specialist knowledge is not taken for granted. 
The indexing is very thorough. G. W. SERIES 
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Vapour Growth Patterns of CdTe Crystals 


By Iwao TERAMOTO 


Research Laboratory, Matsushita Electronics Corporation, Takatsuki, 
Osaka, Japan 


[Received 23 October 1962, and in revised form 18 December 1962] 


ABSTRACT: 


CdTe single crystals were grown from the vapour phase by the sublimation 
method in order to study crystal habits and growth patterns. For this 
purpose a new technique for revealing the growth patterns was developed. 
This technique is based on an oxidation of the surface and results in colourful 
growth patterns. Observations of the growth spirals provide further 
evidence to support Frank's theory of screw-dislocation-induced crystal 
growth. 


$1. INTRODUCTION 


Sixenz crystals of cadmium telluride are in most cases prepared from 
the melt by the Bridgman (Inoue ef al. 1962) or by the zone-melting 
method (de Nobel 1959). Vapour phase preparation methods, on the 
other hand, were used by Frerichs (1947) and Lynch (1962). Although the 
latter methods are not suited for obtaining large single crystals, they are 
superior if one aims at studying the mechanisms of erystal growth and at 
making various measurements on ‘as-grown.’ faces. Frank (1949) predicted 
from theoretical considerations that crystal growth from the vapour phase 
is determined by the presence of screw dislocations. Observations of growth 

spirals confirming Frank's theory were made by Griffin (1950) for beryl 

crystals, by Dawson and V and (1951) for n-paraffin crystals, and by Verma 

(1951) and Amelinckx (1951) for carborundum crystals. Almost all 

spiral patterns have been observed on the (0001) surfaces of crystals with a 

hexagonal structure. 

It is the purpose of the present paper to report on vapour growth studies 
of CdTe crystals—a semiconducting compound with zinc-blende structure— 
and on anew and simple technique for observation of growth spiral patterns. 
In this way further evidence supporting Frank's theory of screw-dislocation- 


induced growth is given. 


§ 2. EXPERIMENTAL 
Single crystals of CdTe were grown by sublimation and recrystallization 
of the compound through a temperature gradient in a nitrogen atmosphere. 
The CdTe compound was prepared from cadmium and tellurium at 125096 
in a quartz bottle evacuated to a pressure of 10->mmHg. Chemical and 
spectroscopic analyses showed that the total analysed impurity included 


P.M. 2A 
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n 0:0001% (Yokozawa and Teramoto 1962). 


in the compound was less tha ) 
T i ng single crystals from the crushed CdTe is 


The apparatus used for growir 
very simple as shown in fig. 1. 

The most important factor affecting the erystal growth by the method of 
sublimation is probably the sublimation speed of the Cd Te powder, which 
is à function of the temperature of the powder, of the particle size, of the 
surface area of the boat containing the powder and of the flow vate of the 
In order to determine the sublimation speed of 


nitrogen carrier gas. 
5, about 


CdTe, the powder was sublimed from the quartz boat—boat a: 


15 cm2—in the furnace under various conditions (cf. fig. 1). Ths boat was 
inserted into the centre of the furnace which had been previously heated up 
to the required temperature. Sublimed CdTe vapour was cer: 1 by the 
flow of nitrogen gas towards the exit. Since the rate of flow otit- nitrogen 
gas was very small, it is possible to assume that the sublimec. C7 ?e was 

; at the 


nearly in equilibrium with the saturated vapour pressure oi Vc 
maximum temperature of the growth region. From this ten 
from the weight of the sublimed powder and the flow rate of the nitrogen gas, 
the saturated vapour pressure of the compound was calculated using the 
equation of state of a perfect gas. 


erature, 


Fig. 1 


THERMO COUPLE GROWTH TUBE 


/ 


M a 


Vis 
pe / ELECTRIC FURNACE 


| 
CdTe POWDER | 


/ 
QUARTZ BOAT CRYSTALLIZING REGION 


Apparatus for erystal growth. 


a, The experiments for growing single crystals from the vapour were carried 

- onis a similar procedure. The growing conditions were found to be the 
j hen the CdTe was held at a temperature between 800 and 

rate of nitrogen gas of 100 ml/min. Crystals grew on the 


pects were studied under a micro- 


t technique was found for the 
| small step height. By 
th t 
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oxidation. Agglomerations of oxidation products appeared as spots along 
steps, which could be very clearly observed under the microscope. 


§ 3. RESULTS 


The table gives a list of experiments which were performed in order to 
estimate the sublimation speed of CdTe in the flow of nitrogen gas. 

It was found that the sublimation speed increases roughly in inverse 
proportion to the three-fourths power of the total surface area of the 
powder. From the resultsin the table, the standard heat of sublimation was 
estimated to be 47-4 kcal/mol and the saturated vapour pressure of CdTe 
was calculated as a function of temperature by the use of the equation of 
state (cf. in fig. 2). The value of the sublimation energy obtained for 
CdTe therefore lies between the values of 47-8kcal/mol for CdS and 
(Ibuki 1959) and 39-1 kcal/mol for CdSe (Wósten 1961). The present data 
on the vapour pressure are somewhat smaller than those obtained by 
de Nobel (1959). 


Sublimation speed of CdTe powder in flowing nitrogen gas 


TO aa oe Su blimation 
owder speed 
" em?) (g/hr) 


Sublimation Flow rate of 
temperature nitrogen. gas 
(°c) (ml/min) 


700 300 ~ 1150 


eoo 


800 300 ^» 1150 

900 300 c 1150 
1000 300 c» 1150. 
1000 300 ~ 2300 
1000 300 73950 
1000 300 13:27 


— LL 
CRW HWSO 
SrSandsansd 


f Single crystal. 


Tt was found that the crystals grown by the sublimation method always 
had the cubic zinc-blende structure. The principal crystal forms obtained 
were as follows: (1) Dodecahedra with very flat surfaces of {110} planes 
up to 5mm? in area. These crystals were most frequently observed, but 
their dimensions were very small, in accordance with the observation of 
Lynch. (2) Hexagonal rods and needles up to 2 cm long with diameters up 
to2mm. ‘These crystals grew along the (111 ) direction and the side planes 
of the hexagonal rods and needles were {110}, as shown in fig. 3. 
(3) Hexagonal plates up to 0-5 cm? in area, on which triangular pyramids were 
grown, as shown in fig. 4. The flat surfaces were {111} planes. Some of 
the pyramids had smooth side faces of {110} planes, and others were terraced 
on each of their three sides parallel to (110) axes and terminated at the top 
in a small plateau. The density of the pyramids is large at the region close 


2A2 
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to the edges of the surface. (4) Hollow hexagonal columns ss 
to be formed from hexagonal plates wrapping themselves a ou ; ae 
(111) axis. (5) Branched dendrites from a central rod, as show in fig. 
and foliated dendritic crystals, also shown in fig. 5. The lather form is just 
similar to the foliated CdI, dendrites observed by Gorodetsky and 
Saratovkin (1958). 


Fig. 2 


(mm Hg) 


Saturated Vapour Pressure 


o: ro 


9 - 
1000/T (°K). 


‘Saturated vapour pressure of CdTe as a function of temperature, 


bit depends on the sublimation temperature, the growth 
he flow rate of the nitrogen gas. Although it was not 
me accurately the degree of supersaturation and the 
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spiral occurred. However, the invisibility of the steps without such an 
oxidation indicates that the height was equal to the height of one or a few 
unit cells. The spiral step was not marked by a continuous line but by a 
vow of dots with a separation distance of the order of 1034. It is believed 


Fig. 3 


Needle-shaped crystal. (x 42.) 
Fig. 4 


Pyramids on {111} plane. (x 726.) 
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are due to the screw dislocations responsible for crystal 
Several kinds of patterns, which 
bserved. (1) Trigonal spirals 
ll as the regular circular spiral. 


that these spirals 
growth as formulated by Frank (1949). 
can be interpreted by his theory, were o 
with rounded corners, as shown in fig. 6, as we 


Fig. 5 


Foliated dendrite. (x 84.) | 


Fig. 6 


Growth spiral on (111) plane. (x 726.) 
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(2) Patterns originated from two screw dislocations of the same sign at a 
small distance of separation, and interlacing each other, as shown in fig. 7. 
(3) Closed loops from a pair of unlike dislocations at a distance of separation 
raore or less comparable to the critical radius of curvature, cooperating 


Interlacing of two spirals of the same sign. (x 726.) 


ML MEI A O reine imn css 


1 Interaction of two spirals of the unlike sign. (x 510.) 
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with one another, as shown in fig. 8 and fig.9. (4) Configurations pe 
from the misfits at the fault surfaces. (5) Growth patterns on (110) 


= = ry ^ 
surfaces, as shown in fig. 10, which have only one axis of symmetry. These 
=! ? 


might be due to an anisotropy in growth rate caused by the crystallographic 
o V 


Fig. 9 


Closed loop from a pair of unlike spirals. (x726.) 


Growth pattern on {110} plane. (x510.) 
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polarity of the zinc-blende structure. A thermal etching on {110} surfaces 
reveals similarly shaped etch pits as shown in fig. 11 (Inoue et al. 1962). 


$4. DISCUSSION 


Hitherto, for the observation of the growth features a silvering technique 
has been used which needs thorough cleaning of the crystal surfaces 
before evaporating silver onto them. The present technique used for the 
observation of growth spirals is much simpler and more secure for good 
visibility. Oxidation products are formed in a row of dots along the spiral 
steps. This probably arises from the reactivity of kinks with a high 
3hemieal potential. Burton et al. (1951) have studied the structure of a 
monomolecular step and have calculated the number of kinks per unit 


Thermal etch pits on {110} plane. (x 127.) 


length. They show that the mean distance x) between the kinks is given 
in terms of a, the interatomic distance, by 
% = 3a[exp (w/kT) + 2] 
ga exp (v[KT), 

where wis the energy necessary to form a kink, T the absolute temperature 
and k the Boltzmann constant. They estimate that for the close-packed 
erystals with homopolar binding w will be of the order of W/12, where 
W is the evaporation energy. Since the value of W is found to be 
47-4 kcal/mol for the growth of CdTe crystals, the equation gives xy 7 À 
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4 | 

at 900°c. On the other hand, according to the theory of Burton | ah | 
about surface diffusion of adsorbed molecules, the mean displacement, xs | 
of oxidized molecules is given by | 
| 


us~aexp(W/4kT), 
which is approximately 2x 1034. This value agrees with the observed 
average distance between dots along the spiral step. From these values 
it follows that during the oxidation of CdTe crystals grown from the 
vapour the oxidized molecules coagulate at the kinks. On these parts 
of the crystal surface which are free of steps the coagulation nuclei are 
; randomly dispersed. The present technique used for observation of 
M growth step structures may possibly be applicable also to the cases c: | 
CdS or CdSe crystals, since the oxidation product is likely to be cadmiuia | 


oxide. | 
i According to Burton et al. (1951), the spacing between the successive L 
j arms of the spiral Ar is given by 
Ar — 4rpc, 


where pe, the critical radius of curvature, is defined, in terms of the nearest- 
neighbour binding energy ¢ and the supersaturation o, by 


ap 
2kT In (c 4- 1) 

By using these equations in a similar way to that shown by Verma (1953), 
| the supersaturation can be calculated from the observed spacing Ar, 
provided ¢=W/6. For specimens shown in figs. 6, 8 and 9, the super- 
| saturation is found to be approximately 0-495. This implies that these 
erystal growths have taken place at a very low value of Supersaturation. 


| pe 
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ABSTRACT 


The Debye temperature of a-iron at 298°K has been determined from 
Geiger-counter measurements of the Bragg intensities from a polycrystalline 
sample (using Mo Ka) and theoretical atomic scattering factors. The value 
obtained (Op =398 + 9°x) is somewhat less than the average value (418+ 4°K) 
calculated from all the available diffraction results. The diffraction values 
are significantly lower than those (467°K) derived from elastic-constants. 

Intensity measurements from annealed and ground samples placed 
experimentally on the same scale showed that plastic deformation did not 
reduce the integrated intensities of the reflections. This result provides 
further evidence for the rejection of the ‘ frozen-in thermal motion ' picture 


of plastic deformation. 


§ 1. INTRODUCTION 


Tur Debye temperature of a cubic crystal, despite the approximations 
involved in its definition, is a parameter useful in many branches of solid- 
state physics (see e.g. Herbstein 1961a). Diffraction measurements 
provide two convenient methods of determining Debye temperatures; in 
the first method the variation of Bragg intensity of a particular reflection 
(or reflections) with temperature is measured, while in the second variation 
of Bragg intensity with reflection angle at a fixed temperature is measured. 
The first method requires a knowledge of the dependence of O4; on temper- 
ature if misleading results are to be avoided (Chipman 1960, Herbstein 


1961b). It has been applied to o-iron by Ilyina and Kritskaya (1955) and 
Haworth (1960). The second method requires a knowledge of the theor- 


etical atomic scattering factors of the atoms concerned. As reliabl 
atomic scattering factors have recently been calculated for iron (Fre a 
and Wood 1959, Freeman and Watson 1961) it was decided to use ® 
method to obtain an independent value of the Debye temperature 
Gazzara and Middleton (1961) have recently measured inte 
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' samples of carbonyl iron at 310 and 98?x and derived values of Oy, by both | 

methods. The available results are discussed critically bel ow. i 
The present intensity measurements were made on samples of ground and | 

annealed «-iron powders and comparison of these measurements shows 

that ‘frozen-in thermal vibrations’ (alternatively called static atomic 

displacements or third-order distortions) do not exist in the ground sample. 

This model of the cold-worked state must therefore be rejected, at least for 

samples with small to moderate amounts of cold work. 


j 
i 


§ 2. THEORY 
In a-iron the measured structure factor F(hkl) (on an arbitrary scale) ig 
related to the atomic scattering factor f (hkl) by the standard equation 
KF (hkl) = 2 f (hkl) exp ( —.B sin? 0/22), eae 3 


where B is the Debye-Waller temperature factor and K is the conversion 
factor to an absolute scale (it is assumed that f (hkl) has been corrected for | 
anomalous dispersion). | 

Equation (1) can be re-written as 


In (F(h41)] f (hel) =In (2/K) — B sin? 6/2. pt) | 


Thus a plot of In (J'(hkl)] f (hkl)) against sin? 6/A? has slope B and intercept 
In(2/K). In terms of the Debye theory Bis given by 


GP 


A EE 


where / is Planck's constant, kis Boltzman’s constant, m is the atomic mass 
Jd J Pi ; ; 
T the temperature of measurement, O4; the Debye temperature appropriate 
to diffraction measurements, x — © x/T' and J(«) is the Debye integral 
gral 


l f* udu x | 
v= LL ne ] 
BEI —— — uw | 


$3. EXPERIMENTAL METHODS 


3.1. Choice of Sample and X-ray Wavelength 
Data from reflections at hi 


: gh sin 0/A values are i : : : 
Firstly the atomic scatterin are important for two reasons, 


g factors for iron caleulated on different theor- 
eeman and Watson 1961) 
Thus the value of B obtained 
details of the assumed electron 
ensities at high sin 6/\ values 
an do those at low values. The 
to be a well-annealed sample, 
the shortest convenient wave- 


PUE : 3 introduci * 
extinction effects if an annealed sample is us a BEC m cu 
S were 
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therefore examined in order to determine which was most suitable for the 
present work. These samples were 


(a) iron filings prepared from Johnson Matthey Speepure iron at room 
temperature. 

(b) Riedel de Haen iron powder — 400 mesh, annealed for two hours at 
800°c in a hydrogen stream. The diffraction-line profiles were not 
altered by this treatment, showing that the original sample was in a 
well-annealed condition. The mean crystallite size of this sample 
before annealing, measured by Warren’s (1960) method, was 5p. 

(c) Sample of (b) ground in a mechanical mortar under benzene for five 
hours. Line-shape analysis (Herbstein and Smuts 1963) showed 
that the effective crystallite size of this sample was about 0-04 p, 
mainly due to the presence of stacking faults. 


Profiles of the (422) reflection with Mo Ka (sin 0/A = 0-854 A) are shown 
for all three samples in fig. 1. The peak broadening for sample (a) was such 
that it was not possible to measure integrated intensities with confidence 
and this sample was not used further for the present measurements. The 
peaks from (b) were very sharp while those from (c) were rather broader but 
less so than the peaks from (a). Integrated intensity measurements were 
made on samples (b) and (c), referred to in what follows as the ‘annealed’? 
and ‘ground’ samples respectively. 


3.2. Intensity Measurements 


Intensity measurements were made on the Philips PW 1010 generator- 
PW 1050 diffractometer combination, using Zr-filtered Mo Kw radiation. 
X-ray tube voltage and current are stabilized to about 0-195. Intensities 
were too low to permit the use of erystal-monochromatized radiation. 
The measurements were made with a krypton Geiger counter, care being 
taken not to exceed the experimentally determined linear limit of the counter 
(400 c/s). The intensities of the stronger reflections were measured from 
chart records while the profiles of the weak reflections were determined by 
point-by-point counting. The times for 12 800 counts were recorded at 
angular intervals depending on peak shape and ranging from j to 4° 20. 
The burden of these tedious measurements was alleviated by the use of an 
automatic device for recording the times and shifting the Geiger counter 
to the next reading position. The weaker peaks each took from 12-18 
hours to record by this technique. Reflection profiles were drawn to 
include the tails as completely as possible. At the same time a check 
was made to ensure that there was no overlapping of adjacent reflections- 
The results are given in table 1. 


3.3. Placing Measurements from the Two Samples 
on the same (Approximately Absolute) Scale 


As will be seen later, it was essential to place the intensii do 
annealed and ground samples on the same scale. This was done by mixing 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


p S : Digitized by Arya Samaj Foundation Chennai and eGangotri 


370 F. H. Herbstein and J. Smuts on the 


equal weights of iron and MgO powder and using the (220) and (420) MgO 
peaks for standardization. This is mof a reliable method of obtaining 
absolute intensities (see James 1950, p. 337) but the intensity scales from 
the two samples should not differ as care was taken to use components"of 
similar particle size in the two sets of measurements. It was later found 
($4.1) that the intensity scale determined by this method was 11% below 


absolute. 


Fig. 1 


INTENSITY. 
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3.4. Experimental Errors 
These can arise from systematic and statistical effects. The main 
systematic errors are due to preferred orientation and surface roughness in 
the samples and long-term instability in the apparatus. These effects 


Table 1. Experimental data for ground and annealed «-iron samples | 
obtained with Mo Ka 


Measured intensityT LE (AKI) Relative weight | 
| hkl p ee | 
| Ground | Annealed | Ground | Annealed | Ground | Annealed | 

l 
| 1108 187300 | 155000 16:43 14-74 0 ojj i 
| 2008 33680 28130 14-78 12-81 7 7 
| 2118 61150 | 52350 | 12-00 | 10:97 0 m 
| 2208 17620 14740 10-73 9-69 64 43 
3108 22060 18160 9-70 8:66 31 27 
222 4530 3880 8:50 7:74 17 16 
3218 19530 16730 8-06 7-21 31 28 
400 1875 1680 7:53 7:00 y 15 
411, 3308 8080 6805 6-84 6-20 20 17 
420 4090 3740 6-36 5:98 1l 9 
332 3280 3020 6:00 5:69 22 7 
422 2600 2300 5-59 5:20 10 16 
431, 5108 6620 6070 5:37 5:07 20 15 
521 3470 3040 5:05 4-67 12 15 
433, 530 2650 2490 4-56 4-97 10 13 
| 600, 442 1700 1480 4-65 4-90 7 7 
| 611, 532 2990 3240 3-98 4-11 1l 16 T 
| 620 943 = 3:85 = 10 == ers 
| 541 1970 1920 3-89 3:82 18 : 15 ; 
| 622 1080 — 4-00 — 1l — f 
| 631 1740 1920 3-51 3-66 17 15 
| 710,550,543 3020 3195 3-27 3:35 21 12 
| 640 1030 — 3-42 — ll — 
| 721,633,552 3420 — 2:97 — 22 — 


+ Corrected for temperature-diffuse scattering by the method of Chipman and 
Paskin (1959); on arbitrary scale. : 
t Placed on absolute scale by use of MgO internal standard and comparison. 
with calculated structure factors. E 
] || These reflections given zero weight in calculations because of extinction. 
| § These intensities measured from charts, others by point-by-point counting. 


were checked as follows: four samples were prepared from the sai 
powder, three packed from the front and one from the back. Rigidity w 
. achieved by flowing molten paraffin wax into the powders. Hand pr 
only was used, tests having shown that compressed briquettes did 
enhanced intensities. The front faces of the samples were co 
—400 mesh powder and were machined flat before use to redu 
roughness. Intensities of the reflections 110, 200, 211, 220, 3 
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i rn vering a period 
measured for all four samples in turn, the measurements co = I a 
ilips | i inner was u $ 
i Philips PW 1064 specimen spinne 
of five days. The Philiy ) cd 
and all subsequent intensity measurements. Study of D ann 
showed the effects of preferred orientation and instrumen a a ja be 
tobesmall. Standard deviations (c,) of these intensities due iue | ae : F | 
of systematic error were calculated from the range of values obtained a 


are given in table 2. 


i 2 j < areas of 
Table 2. Estimation of systematic errors by comparing peak are: 
s : 1 ry A rro 
various reflections for four different packings of same poy 


sample 
E.s.d. due to | 
E.s.d. of statistical | 
hkl peak area eor ) , 
(95) (calculated | 
(76) | 
[e 110 2-0 0:5 
200 3:8 0:5 
211 0-6 0:3 
320 l-l 0-6 
310 1-6 0-8 
321 1-6 0-8 


The final measurements (table 1) were made on samples of annealed and 
ground powder packed from the back and prepared as described above. 
Hach reflection was measured once and the errors estimated as described 
in the next paragraph. The measurements covered a period of about one 
month and reflections were chosen at random for measurement. Thus 
any long-term instability in the apparatus would increase the scatter of 
the experimental values but not lead to systematic errors. 

The estimated standard deviations of the intensiti 
errors (c,) were computed for the chart 
measurements) by the method of Klug 
while the method used for the weaker p 
method is described in the Appendix. 
aregivenintable2. Comparison of th 


es due to statistical 
recorded reflections (fixed-time 
and Alexander (1954, pp. 270—4), 
eaks measured by the fixed-count 
The e.s.d.'s due to Systematic errors 
€ two sets of e.s.d.'s showed that the 
he statistical errors for the stron g 
error were about equally important 
g factors for the least -Squares analyses 
Te om is the relative standard deviation 


for the weaker reflections. W eightin, 
were calculated from w= 100/o4? whe 
expressed as a percentage and 


2e 
Gi es G EC a CE 


For those reflections where it was not mea 
sured, c, was t :697. 
Values of w(Akl) are given in table 1. R aken as 1:6% 
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Fig. 2 


25 


20 


ATOMIC 
SCATTERING 
FACTOR 

FOR Mo Ka 


+ 


Sin 8 
X 


w-iron theoretical and experimental atomic scattering factors (for Mo Ka) 
at 298°K. 


1. fot 0:4 e.u. Ses . 

2. (fo +0:4) exp (—0:386 sin? 0/A3), 

from Freeman and. Watson. (1961). 

e Experimental values for ground sample, 

+ experimental values for annealed sample. Both sets of values on 
absolute scale as described in text, 


P.M. 2B 
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$4. RESULTS 
4.1. Measured Structure Factors 


Apparent structure factors, on a relative scale, were derived rom the 
measured intensities by use of the standard formula (J ames 1950, p. 51) 
after correcting the measured intensities for temperature-diffuse sca uses 
by the method of Chipman and Paskin (1959). Detailed results are E 
in table 1. The factor for converting the results from the ground. sample 
to an absolute scale was determined from the intercept of the straigh* a 
through the results for this sample in the logarithmic plot of fi g. 3. Th 
etical values of the atomic scattering factor appropriate to Mo Ko: (k 
with and without temperature factor) are shown in fig. 2 together * 
measured values of 1/(hkl) (on an absolute scale) for the two sax 
The same scale factor was used for both samples as their relative intens; 
had already been adjusted to the same scale using the MgO internal stan- 
dard. The measured values of 4F (Akl) for the ground sample lie consist- 
ently above those for the annealed sample, except at the highest sin 0/A 
values, where the two curves agree within experimental error. 


4.2. Derivation of Debye-Waller Factors 


The atomic scattering factor f (hkl) is required for the determination of 
B from eqn. (2). The most appropriate scattering factor for analysis of the 
present measurements is that calculated by Freeman and Watson (1961) 
from Hartree-Fock wave functions for the lowest neutral atom 3d94s? 
state. These f-values differ by at most 2:6% from the earlier values of 
Freeman and Wood (1959) which were “calculated using self consistent 
field wave functions as calculated by the unrestricted Hartree-Fock 
method in which Slater’s average exchange potential formulation was used 
to simplify the variational problem”. A dispersion correction of +0-4e.u. 
was added to both sets of scattering factors (Dauben and Templeton 1955). 
Experimental values of the scattering factors of iron have recently been 
measured, on an absolute basis, by Batterman et al. (1961) and found to be 
4:2% lower than the theoretical values of Freeman and Watson for the first 
eight reflections (i.e. (110) to (411+4330)) to which their measurements 
were limited. The reason for this difference in scale was not established 
but it was suggested that it was a real effect due to differences in the electron 
distributions in free and bound atoms. Ifthereisascale error in the theor 
which does not vary with sin OJA (which seems unlikely) then the m 
values for B will not be affected ; a scale change varying with sin JA will 
alter B to an unpredictable, but smallextent. The present caleulations of 
B have been made with defined values of f (kl) ; however, sufficiently de- 
ailed experimental results are given (table 1) to enable a raded LM 

und en if significantly different values of f (hkl) are proposed in 
mie scattering factors 
i 


were 1 


nidi ci aa. 
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both samples) against sin? @/A?, using the 1961 f (hkl) values, is shown in 
fig. 3. Values of B were derived by least-squares analysis from this and 
similar plots using various weighting schemes ((i) all w(hkl) — 1; (ii) w(hhl) 
»nputed from statistical errors only; (ii) w(hkl) as in table 1). The 
cts of atomic scattering factor on the value of B were found to be small: 
for a particular weighting scheme use of one or other atomic scattering 
fsctor did not change B by more than 2%. The effects of weighting were 
considerably larger : for example, for the ground sample B = 0-375 + 0-017 A? 
using 1959 f (hkl) values and all w(hkl) = 1, while a value of 0-404 + 0-018 å? 


Fig. 3 


—e——— GROUND IRON 


2:2 —a— —4— ANNEALED IRON 


20 


ro r5 20 
Sin* 8 
xt 


E ) versus sin? 0/A? for ground and annealed samples, using the 
i CN onal and theoretical values as in fig. 2. Points marked 
with doubled symbols omitted from calculations of straight lines. 


2B2 
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was obtained if w(hkl) werecomputed from statistical errors. The best values 
were considered to be those given by a combination of 1961 f (hkl) with the 
weighting scheme of table 1. The (110) and (211) reflections were omitted 
in all these calculations because of obvious extinction effects in both samples. 


4.3. Comparison of Various Experimental Results 

The available experimental results for B and AB for various samples 
combinations of temperatures are given in table 3. The values given 
for ^e unannealed samples at 298?x by Gazzara and Middleton and our- 
ives agree well; the discrepancy for the annealed samples is probably due 
55 distinct difference in annealing conditions. Unfortunately the 
ssian authors do not give sufficient information for B values to be derived 
‘ova, their results; the results given in their table 2 have been used to 
late AB by least-squares, giving all points equal weight. These 
values agree well with their original values and with the Gazzara-Middleton 
values for AB (the small differences in experimental temperatures will not 
affect these values markedly). 


4.4. Derivation of O4, from B and AB 
The derivation of O4, from B through eqns. (3) and (4) is straightforward ; 
as y(x) depends on O4, successive approximations must be used but con- 
vergenceisrapid. These are referred to as Oy (B) values. 


If the ratios of structure factors at two temperatures are used then 
(Herbstein 1961 a) 


gl, = B; = Bı 2 2 [2 
In F, ] = p 4a? (h F k a ) 
— Sup { Tople) — rye) (P+k +0), (5) 


2mk |a O3?  a?Ow, 


where subscripts 1, 2 refer to temperatures T;, T, and g is a correction 
factor, differing only slightly from unity, which allows for the different 
atomic scattering factors appropriate to Tu T; Tt is assumed that any 
changes in Bragg angle due to thermal expansion have been allowed for in 
the derivation of structure factors from measured intensities. Derivation 
of Debye temperatures from eqn. (5) requires a knowledge of the variation 
of @y, with T. We have used the same equation as Gazzara and Middleton, 
namely 


Om, = Oy, [l + rya(Ta— T1)]; (6) 


where « is the coefficient of volume expansion (35:5 x 10-°per °c for iron), - 


y is Grüneisen's constant (1-60 for iron) and c — 4-1. These are referred to 
as O4 (AB) values. The results are given in table 3. 


4.5. Comparison of Ox; Values 


The ©), values given in table 3 determined by different methods agn 
within the limits of error (where available) except for the present value for 
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an annealed sample at 298?K and the Gazzara-Middleton ies for E: | 
3?K ir se Va i ish because o! 
unannealed sample at 98°K. The first of these v alues is too high bece , 


extinetion (see$6) while the second may be low because reflection tails 
| were not completely included. If these two values are excluded, then 
simple averaging of the remaining results gives 
Oy, =429 + 4°K at 298°K, 
Oy, =446 + 3°K at 98°K. 
As mentioned above, the values of ©, at these two temperatures are not | 
determined independently when AJ values are used. The errors given : 
standard deviations caleulated from the spread of the tabulated results. Í 
It is of interest to note that O4,(8) values for unannealed samples are 
consistently lower than the ©,(AB) values, although the differences sre 
not statistically significant. It is possible that the tails of the broaden: d 
reflections from deformed samples were not included completely in the 
peak-area measurements, despite efforts made here to avoid this source of r 
error. The annealed sample used by Gazzara and Middleton gave values | 
for O4(B) in good agreement with the other values; this suggests that 
annealing below the recrystallization temperature does not lead to the 
severe extinction found when a sample is annealed above the recrystalliz- l 
ation temperature. | 
One other set of experimental results has been reported : Haworth (1960) | 
measured the integrated intensity of the (220)reflectionover thetemperature | 
range 286-1190?x. There was a large scatter in the experimental results | 
due to erystal changes brought about by annealing and the measurements | 
actually used in the deduction of O, lay in the range 900-1190?x. The | 
value obtained was 04,—389-- 17?K at 286°x. This value was based on | 
the assumption that the temperature variation of O4, was due to thermal | 
n lene; whereas the available experimental evidence (see 
ion s E a for x d ) suggests dtes Ox; falls off more rapidly with | 
perature than can be accounted for in terms of thermal expansion. 
If this is true for a-iron, then Haworth’s value will be too low (cf. an analysis 
of similar diffraction measurements for silver (Herbstein 1961 MENT x 
atively H R ; stein 1961b)). Altern- 
ely Haworth’s data (specifically for 1000°x) can be used to calculate © 
at 286°K on the assumption that the temperature variation is oi 2 
A ; on is given by 
eqn. (6). A value of 389°K was obtained. This may indicate that ; 
does not hold over large temperature intervals. no ne Pet 
significantly lower than most of the other values of Ox(AB). Tt has not 


been considered in obtaining the avera i 
ge of value O, oi 
ofthe doubts mentioned about its validity. e ees cR 


$5. COMPARISON OF ©, VALUES FROM Various Sources 
It was first pointed out by Zener and Bilin 
f l ; sky(1936)that Deb ca- 
tures derived from diffraction measurements (Ow) a from cu im m 


elastic constants (05) were not defined ident; 
j d entically. T 
© ,/©,, as a function of Poisson's ratio o. As o for se is 2 (OE 
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Franz 1961), @,)=0-9742 O4. The comparison of values obtained by 
different experimental methods is made in terms of O5, the conversion 
having been made where required. 

The values obtained at various temperatures are summarized in table 4. 
The revised value (Rayne and Chandrasekhar 1961) deduced from specific- 
heat measurements (Cheng et al. 1960) is included. There is reasonably 
good agreement among the various values. In accordance with theoretical 
-ctations (Blackman 1955), Op (X-rays) « Op (elastic constants). 


exp 


Table 4. Values of 05 (in ^K) from various sources 


| Elastic constants 
| Temperature Specific X-ray 
| (°K) heat ei Young’s diffraction 
J modulus 
0 4771,2) 478 +20) = = 
88 — 4770 — 434 + 309) 
298 — 4670 4670) 418 +405) 
NOTES: 


(1) Cheng et al. (1960). 

(2) Rayne and Chandrasekhar (1961). 

(3) Calculated here by method of Quimby and Sutton (1953) and Sutton 
(1955) from elastic constants given by Rayne and Chandrasekhar. 

(4) Grüneisen (1908). 

(5) See § 4.5. 


$6. ErrEor or Corp WORK on INTEGRATED INTENSITIES 


The results given in table 3 show that the Debye-Waller factor B is 
larger for the ground than for the annealed sample. This experimental 
result for -iron has been previously reported by Ilyina and Kritskaya (1 955) 
from photographic measurements (Mo Ko) on filed and annealed} powders 
at 295°K and SS^x, by Ilyina et al. (1957) from counter measurements 
(Mo Ka) on filed and annealed t powders at 295°K; and by Gazzara and 
Middleton (1961) from counter measurements (Mo Ke) on annealed$ and 
unannealed samples of carbonyl iron. There are three possible explanations 
for this result : 


(i) The Debye temperature of deformed iron is less than that of annealed 
iron. 


(ii) The intensities at high sin 0/A values from the deformed iron were 0 
reduced more strongly than those from annealed iron, either due to z 
static atomic displacements caused by cold work or by incomplete — 


inclusion of tails of reflections when integrated intensity measure- 
ments were made on the broadened peaks of the deformed sampl 


+ Annealed in vacuum. at 650°e for unspecified period. 
+ Annealed in vacuum at 60070 for unspecified period. 
§ Annealed in vacuum at 400*c for 90 hours. 
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(iii) The intensities at low sin 6/A values from the annealed sample were 
reduced by extinction below those of the deformed sample. 


The first possibility is eliminated by comparison of O4; (AB) values for 
both samples. No significant differences are found (see table 3). The 
second and third possibilities can be distinguished if the intensities from the 
two samples are on the same relative scale. Ilyina and Kritskaya used Cu 
powder as an internal standard for scaling and found J (annealed) > 
I (cold-worked); we have used MgO powder (see $3.3) and find the opposite 


Fig. 4 
0-2 


lla E ground ) 
F annealed 


lere intensities from the two 


— 


A 
H 
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the entire effect can be explained in terms of extinction in the annealed 
sample. Any residual differences are probably due to incomplete inclusion 
of the tails of broadened peaks. 

A comprehensive survey of investigations of the alleged reduction in 
intensity due to cold work has recently been made by Vasil'ev and Smirnov 
(196t). These authors emphasize the contradictory nature of the experi- 
menó5al evidence, mainly due in their opinion to difficulties of intensity 
;:ement and inadequacies in extinction corrections and conclude that 
th: istence of the effect is at present unproven. We consider that there 
is cc^siderable evidence obtained by other workers by a variety of experi- 
me:-53i methods which supports our present result that there is no appreci- 
abls intensity loss in plastically deformed metals. For example, Averbach 
and Warren (1949) showed that the shapes of the reflections from cold- 
wored and heated w-brass samples were quite different and that there was 
no change in the integrated intensities of high-angle reflections on cold- 
working. Weiss et al. (1952) found that the integrated intensities from 
annealed and cold-worked brass were the same when measured by neutron 
diffraction (extinction would not affect these measurements). In addition 
long wavelength transmission studies showed that the diffuse background 
scattering was increased by less than 0:4% upon severely cold rolling 
brass. More recently von Heimendahl and Weyerer (1960) compared 
integrated intensities from different samples of aluminium. They could 
not find any difference between the intensity from a sheet rolled down to 
10% of its original thickness and that from the same material in the 
recovered state (i.e. after annealing for 40 hours at 80°c). 

It is of interest to note that a plot of ln (F grouna/Fanncarca) against 
sin? 6/22 (fig. 4) is a straight line in agreement with the previous results of 
Ilyina and Kritskaya (1955) and Ilyina et al. (1957 ) Thus it would be 
possible to interpret the experimental results in terms of ‘frozen-in temper- 
ature motion’ if the relative scales of the two sets of measurements were 
not known. The apparent Debye temperature (04,(B)) deduced from 
measurements on the annealed sample is appreciably larger than that 
derived from the other diffraction measurements. This value is, of course, 
spurious and only that obtained from a sample without appreciable 
extinction has physical significance. 


me: 


$ 7. CONCLUSIONS. 


The merits of the two methods of deriving Debye temperatures from 
diffraction measurements differ. The variation of intensity with angleata 
given temperature will depend on the physical state of the sample used; 
hence measurements on an absolute scale would be desirable to avoid 
misleading results caused by the presence of extinction. A theoretical 
atomic scattering factor must be used in this method. Measurements 
temperature variation of the intensity of a given reflection allow - 
elimination of experimental errors due to preferred orientat 


CC-0. In Public Domain. Gurukul Kangri Collection, Hari 


nu — À— X!" 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


382 F. H. Herbstein and J. Smuts on the 


size while a theoretical atomic scattering factor is no longer needed. How- 
ever the form of the temperature dependence of ©, must still be assumed 
and this will become less reliable as the temperature range covered by the 
measurements increases. The influence of crystal perfection on the 
intensity measurements as a function of temperature is still uncertain. 
Theory (Parthasarathy 1960) and experiment (Batterman 1962) suggest 
an appreciable influence for perfect crystals ; however less perfect samples, 
such as the ‘annealed samples’ of table 3, have not given O (AB ) values 
differing significantly from those obtained for mosaic samples. In genezal 
the best scheme would be to use both methods by making intensity measu? = 
ments (preferably on an absolute scale) on a number of reflections at 1 
temperatures, using as ideally imperfect a sample as possible. “ise 
temperatures chosen should not differ very widely nor be too low comparod 
to the Debye temperature. Comparison of results from the two methoos 
of analysis would provide evidence of reliability and accuracy. 
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Note added 5 November 1962.—In a recent paper (English translation 
published September, 1962) Ilyina et al. (1962) have reported the results 
of new measurements of integrated intensities from annealed and cold- 
worked samples of w-iron. The scintillation counter used in this work 
allowed improved definition of the tails of the reflections. They conclude 

ec EU 5 B : o 
trei defor mation does not cause a loss of integrated intensity if account is 
taken of the tails which are characteristic of deformed metals ^. Thus the 
oe among the various experimental results summ 
ver x Ji op. 1 36 gTa 
onger exists. How ever, Ilyina et al. (1962), contrary to the opinions 
of other workers in this field (see, e.s., Warren 1959), consider that * tl 

xd F : "Bo ; A er that “the 

problem ot the cause of these tails still remains unanswered ” 


SS ee 
APPENDIX 

CALCULATION OF STANDARD DEVIATIONS or I 

MEASURED BY THE FIXED Cov. 


arized in $ 6 no 


NTEGRATED INTENSITIES 
NT METHOD 
Accurate values of the integrated intensities of weak reflection: b 

obtained by tracing out the profile of the peak (and adjoinin: e i a) 
by measuring the times for a fixed number of counts at PUT SS : 
intervals. The area can then be determined from a graph of oe K 
using a planimeter or numerically by application of Simp S E 
Although the graphical method is more convenient in practice E all he i 
assume that Simpson's rule has been used as this provid ee 
route to the estimation of the standard deviation of the ee 
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Let the number of counts accumulated at each angular position be n 
(usually 12 800 or 25 600) and the measured time be t. The counting rate 


R =nj]t andits standard deviation will be 


We require the standard deviation of the net counting rate, i.e. that given 
by the difference between peak and background rates : 


where suffixes p and b refer to peak and background respectively. 


COUNTING 
RATE 


R 


c/s 


Nomenclature used in deriving standard deviation of integrated intensi r 


Now Simpson’s rule for the peak area is 


Rp Poho t4 P (R, =R) 5 (B= Fit 


E 


where the epeak i is divided into 2m strips of 


o(R)=q= vVn|t=R|vVn. 


R 2+ Rye Ve 
q47 (0 + 47)? = ES " 3l , 


Fig. 5 


2 0 deg 


fixed-count measurements. 


jeven 


d separately. 
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where o?(z), o%(a;) are the variances of the dependent and independent 


variables respectively. Applying this theorem to eqn. (A1) we obtain | 
o(A)= L SRE Rn rle X (R)*4 > (By)? | 

3 Vn z jodd jeven | 

1/2 | 

+16 Y (R,)P+4 È (^ Pir cena ie PN 2) | 

jodd jeven | 


The notation is shown in fig. 5. For reasonably large values of 2m (sayy 
; hy le Spr 
> 30) it is found that Y ~ > and the numerical evaluation is simplified 


jodd jeven 
without significant loss of accuracy. 


In the present work, measurements of integrated intensities were m 
from automatic chart records and from fixed-count measurements. 15:5 
convenient for the integrated intensities from both methods to be on the 
same nominal scale with peak areas measured in counts. This requires 
that h, the angular interval into which the peak is divided, be replaced by 
its time equivalent, using the angular velocity at which the chart records 
were measured. For example, if h= 45? 20 for the fixed-count measure- | 
ments while w=}° 20 per minute for the chart records, then the time 
equivalent of h will be 30 sec. 
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Characteristics of Forbush Decreases 
in Cosmic Ray Intensity Observed Underground 
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ABSTRACT 


Characteristics of Forbush decreases in cosmic ray intensity recorded 
underground at 60 m.w.e. during November 1960 and July 1961 are described. 
These decreases are compared with those recorded during the same period at 
sea level, as well as with those recorded at other underground stations. Tt is 
shown that, following the decreases of November 1960, large anisotropies 
existed in primary cosmic ray intensity which could be detected even by 
monitors situated deep underground. The observed decreases are compared 
with the predictions of different theories that have been proposed to account 
for Forbush decreases. 


§ 1. INTRODUCTION 


Tue extensive data collected from cosmic ray stations during and since the 
IGY have facilitated the study of the different characteristics of the various 
types of cosmic ray intensity variations with time. However, these 
studies, and in particular that of the energy dependence of different vari- 
ations, are limited to a maximum rigidity of 17 or 18 Gy set by the geomag- 
netic field for data from sea level and mountain altitude stations. In this 
context, the cosmic ray intensity variations recorded underground at 
different depths are very useful since the varying thickness of overlying 
earth enables us in principle to obtain the energy or magnetic rigidity 
dependences for the different variations. Unfortunately, because of 
uncertainties in the differential response curves for underground detectors, 
it is not possible to attain as high a precision as that obtained by using the 
latitude effect at sea level, where the differential response functions are well 
E paper the results are presented of a study of Forbush de- 
creases observed in cosmic ray intensity recorded underground at an 
equivalent depth of 60 metres of water. ‘These decreases occurred at the 
time of intense solar activity during November 1960 and July 1961. In 
order to facilitate the description and understanding of these decreases, 
the data from neutron and meson intensity monitors located at sea level are 
also presented and compared with the underground measurements. The 
cosmic ray intensity underground was recorded by means of two large area 
scintillation counter telescopes and that at sea level by means of standard 
instruments, viz. Simpson type neutron monitors and geiger counter 


+ Now at Makerere College, Kampala, Uganda. 
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telescopes of cubical geometry with 10cm of lead used as absorber. A 
short description of the scintillation counter telescope is given below. 


$2. UNDERGROUND Cosmic Ray DETECTORS 


Cosmic ray intensity variations underground were recorded by means of 
two identical but independent scintillation counter telescopes of semi- 
cubical geometry. Each telescope had an effective sensitive area of 1-44 
square metres and consisted of two scintillation counters placed one 5;2ove 
the other. Figure 1 is a block diagram of the detector and associated 
electronics. Each counter consisted of a light-tight box at the botto of 
which were placed four slabs of plastic scintillators each measuring 2 fi +: 2 ft 
xlin. The light-tight boxes were lined with white plastic sheets sad a 
single 5in. photomultiplier mounted at the bottom of each box received 
scintillation light indirectly by reflection from the plastic lining. Signals 
from photomultipliers were fed into conventional coincidence circuits 
using p-n-p transistors and having fixed threshold levels. To achieve short 
resolving time, pulses were shaped to have a standard width of 0-25 usec. 
Output signals from the coincidence circuit were lengthened, scaled and 


counted in the usual manner and mechanical counters printed out data on 
tapes at hourly intervals. 


P — Photomultiplier 
R- Reflector 
S - Scintillator 
HU — Head Unit 
SL — Shaping Line 


Servomex 
Stabiliser 
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of water equivalent. Hach telescope has a counting rate of about 25000 
counts per hour. The variations in counting rate shown by the two 
telescopes do not show any systematic difference and the data from both 
telescopes have therefore been added together for analysis. The standard 
via tion for the total counting rate for a two-hour interval is consequently 


3o 
t > effects of atmospheric parameters on cosmic ray intensity under- 
aro were investigated using Duperier’s (1949) regression analysis. In 


this sultiple regression analysis, the daily cosmic ray intensity J, sea level 
pre: sare B, height of 100mb level H, and the mean temperature between 
10€ «ad 200 mb levels T. ,, were used as the variables. Data for 8 months 
wer. analysed. While the partial correlation coefficients y;, ru and 
Yzy. py Showed significant values, yy; 55 never reached 1% significance 
level. No other isobaric level gave a significant correlation coefficient and 


therefore the variable H was not used in further analysis. A year's data 
were then analysed using J, B and T, as variables, and the following 
partial regression coefficients were obtained: 


Partial barometric coefficient = — 0:042 + 0-004°%/mb. 
Partial temperature coefficient = + 0-037 + 0-011 %C- 


The bi-hourly data used in the study of Forbush decreases described here 
have been corrected for barometric changes using the above coefficient. 
However, no correction has been applied for temperature variations 
between the 100 and 200 mb levels since temperature data were not avail- 


able at bi-hourly intervals : 


$3. ForBUSH DECREASES or NOVEMBER 1960 

20 November 1960 an exceptionally active sunspot 
visible disc of the sun at a latitude of 26°-29°N 
with central meridian passage on 12 November. Flares of importance 2 or 
3+ occurred in this region on the 10th, 12th and 15th, while one of class 2+ 
was seen on the 14th. The flares of class 3+ of 12 and 15 November [psp 
duced high energy particles which were detected by neutron Ee 
situated at high latitudes. A comprehensive account of these D eases has 
been given by Mathews et al. (1961). Very intense geophysica P 2 d 
including polar cap absorption, aurorae, radio fade-out an m. ie 
disturbances were recorded during this period. As an indication o pr 
magnetic wisturbances at this time, changes 1n the horizontal m y 3 
ae eoi magnetic field observed. at the equatorial statione P om o 
are shown in fig. 2- During the period 12-15 November there were t fe 
sudden commencements, indicating the arrival of plasma clouds from. the 


During the period 10- 
region passed across the 


un. : 
> ty changes as recorded by a neutron monitor and a 


jc ray intensi : 
The Es ees both located at sea level at London, together with 


oes ded by the scintillation counter telescopes underground, are 


recor S 
NE 9. On the 12th as well as on the 15th the neutron monitor 
tex 


P.M. 2€ 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


390 'T. Mathews on 


detected the arrival of high energy particles produced on the sun. ; These 
particles were, however, below the threshold of the meson a which 
showed no significant increase. The Forbush decreases are clearly seen on 
both the neutron and meson monitors at ground level and are accompanied 
by a small decrease in the intensity underground. 


Fig. 2 


Neons (60 m.w.e.) i 


! Flere3*: Flare2* Flare 3* 
: ; : Wy 
oe 9304 22i 


i E ANS e 
1350 : : i iba ; 


Cosmie ray intensity variations, solar flares and Wo sug 
f xa eomagnetie dis 
during the period of 11-16 Novonbos 1900. USE 


the first decrease took place on 12 Novem 
l | ter the S.C. which heralded the arriv. 


ber at 1930+ 15, nearly an 
al of the plasma cloud. Com- 
ons showed that this decrease 
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Shortly after 10.30 on the 13th a second Forbush decrease occurred which 
depressed the intensity further in all the three recorders. This decrease 
began at about the same time as the S.C. of a weak magnetic storm which 
was probably caused by the arrival of plasma cloud from the intense flare 
ofthe 12th. The time taken to reach the minimum intensity level between 
21.00 and 23.00 hours was much longer for this event than for the previous 
one, and the whole decrease was much less marked in the underground 
records than in those from ground level. The total decrease resulting from 
the two Forbush events amounted to 13:5% in neutron intensity, 8:595 in 
meson intensity at sea level and 1:5% in meson intensity deep underground. 


Fig. 3 


Yakutsk 60mme. 


London; 60 m.w.e. : 


! Budapest: 40 mwe: 


Cosmic ray intensity variations recorded underground during 11-16 November 
1960 at Yakutsk, London and Budapest. 


In fig. 3, the pressure-corrected intensity variations recorded under 
ground at Yakutsk, USSR (geog. lat. 62° 01’ N, long. 129° 43’ E) and Buda 
pest, Hungary (geog. lat. 47°30’ N, long. 18°54’ E) are shown, along wi 
those recorded at London, as percentages of the mean bi-hourly count 
11 November. The mean depth of the Yakutsk underground 
is 60 m.w.e.—the same as that of the London underground lab 


eee 
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All the recorders used in these three laboratories were of standard semi- 

cubical geometry. The maximum decreases at these stations were DOE r 
0:595, 1:6% + 0:3% and 2:7% + 0:2% respectively. Because the Budapest 
laboratory is not as deep as the other two it shows the largest effect. Within 
the limits of statistical uncertainty, there is no difference between the maxi- 
mum excursions in intensity at Yakutsk and London. However, it should 
be noted that while the phase of the variations in London and Budapest 
agrees very well, in Yakutsk it does not, particularly after midday ^5 the 
13th. Infig.4the cosmic ray intensity variations recorded at Yakut:- anc 
London are shown plotted in local time. The difference in loca: “ime 
between the two stations is 8 hours 38min. Itis seen that if the vari«ions 
are plotted on a local-time basis there is good agreement between thei: two 
stations, except on the 12th. Therefore, it may be seen that in addition to 
a world-wide decrease on the 12th there were large anisotropies in the nigh | 

energy cosmic rays detected by means of underground recorders during ag 
this period. 


Fig. 4 


London 


Cosmic ray intensity variations under 
ground at Yakutsk i 
12-15 November 1960 plotted in local Ga ui d i 


The existence of an unusually lar i i 
: } : y large anisotropy in primar ic r 
intensity following the Forbush decreases of p mE ME = a 
observed most distinctly by comparison of records from sea 1 ls em 
intensity monitors situated at mid (50? + 5?) latitudes PME 

In fig. 5 the cosmic ray intensit iati 

: y variations record ^ i 
o counter telescopes at Lindau (10° 06'E) Le UNDA 

akutsk (129? 43' E) are shown. In this figure, the percentage devi is 
ofthe bi-hourly counting rates from the me : ded 


| 1 i an counting rate on 11 No p 
Š are plotted in Universal Time. The arrows in the figure mark p 
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when the three stations of Lindau, Lincoln and Yakutsk were recording 
radiation from the direction of minimum intensity. It is clear that the 
intensity variations at these stations would coincide if they were plotted 
in local time, showing that the variations were in fact due to anisotropy 
in primary cosmic radiation. 


Fig. 5 


‘Lindau 
‘Lincoln 


‘Yakutsk E 


Cosmic ray intensity variations recorded during 11-18 November 1960 by 
standard cubical meson telescopes at sea level at Lindau (10° 06’ E), 
Lincoln (96° 40’ N) and Yakutsk (129° 42° E). Percentage deviations 
from the mean bi-hourly counting rate on 11 November are shown 
plotted in Universal Time. 


Comparison of data from a number of stations made it clear that the 
largest anisotropy was observed on the 14th, though quite distinct aniso- 
tropy existed until after the 17th. Data for the 14th from both sea level 
and underground recorders have been harmonically analysed to obtain t 
24-hour wave of the daily variations produced by this anisotropy. Dev 
ations of bi-hourly counting rate from 24-hour running averages were 
in this harmonic analysis, so that the diurnal wave could be separated fr 
the Forbush decreases. The amplitudes and the times of maximun 
first harmonies were as follows : 


Sea level mesons: Amplitude 0-75 + 0- 1% 
d ses 10 hrs LT. : 
Underground mesons : Amplitude 0-31 +( 


ees 


eee 
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With the aid of Brunberg’s diagrams (Brunberg 1956) and differential 
response curves for a meson detector at sea level (Webber and Quenby 1959) 
the direction of maximum intensity outside the influence of the geomag- 
netic field could be determined. The mean angle of deflection due to the 
earth’s magnetic field is equivalent to a shift of 3-4 hours for a meson 
detector at ground level, so that the corrected direction of maximum 
intensity on the 14th was in the 13-14 hour direction. The magnetic 


Fig. 6 
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around for 11-18 November 1960. Average counting rate of 11 
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Pose P denotes a 24-hour average. 
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P cosmic ray intensity at this time. This time of maximum is appreciably i 
f earlier than the 17-18 hour maximum which is characteristic of less dis- 

| turbed periods. 

| Fig. 7 

| 

| 

| 

| l 
W 
| 
| 

| 

| 

| 

| 

| 

| Cosmic ray intensity variations of 13-16 July 1961. 

| 

| The duration of the decrease in cosmic ray intensity underground 

| 


appears to be much shorter than that at sea level. For instance, while the 
cosmic ray intensity at sea level is still 1-2% below the pre-decrease level, 
even on the 18th, the intensity at 60m.w.e. underground seems to have 
recovered almost completely by the 15th. The best way to detect this 
difference in recovery from Forbush decreases at sea level and underground 
is toplot a scatter diagram of intensity at sea level against that undergroun 
Such a scatter diagram is shown in fig. 6. Because of the small decre 
and the comparatively large statistical uncertainty in cosmic ray intensi 
E recorded underground, 24-hour averages have been used to plot the se 
3 diagram. Themean bi-hourly counting rate on the llth was taken 
3 Each point in the scatter diagram differs by 6 hours from the 
points and has 18 hours in common with them. ‘The arrow 
time sequence of the points. All the points correspo 


| 
| 
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phase lie below those corresponding to the decrease phase. Since the 
intensity underground is plotted on the X -axis and that at sea level along 
the Y-axis, it appears that the intensity underground recovered from the 
decreases faster than the intensity at sea level. 


$4. FonBusu Decrease or 13 Jury 1961 


Another period of intense solar activity occurred during July 1961. A 

: "m a JPA n PE RA 

flare of importance 3-- took place on 12 July at 13.28 at 6°S, 25° E c she 
solar dise. "This was followed by a sudden enchancement of atmosy "ies 


and a complete radio fade-out at the earth. A sudden commencement 
occurred at 11.13 hours on the 13th, signalling the arrival of solar plasma in 
the vicinity of the earth. Flares of importance 2 and 3+ occurred in the 
same sunspot region on the 18th at 08.13 and 09.50 hours respectively. 
High energy particles from the 3+ flare were recorded by neutron mon:iors 
at Deep River and Sulphur Mountain. 

The decrease in cosmic ray intensity as recorded by detectors under- 
ground and meson and neutron monitors at ground level at London is 
shown in fig. 7. The decrease commenced at 13.00 + 01.00 hours and the 
intensity reached the minimum level by midnight of the same day. On the 
14th, cosmic ray intensity showed unusual fluctuations that were clearly 
seen by both neutron and meson recorders at sea level. The maximum 
decrease in neutron intensity amounted to 10:2% and that in meson 
intensity to 5-4%. The maximum decrease underground was only 0-895 
and could be identified as a Forbush decrease only on comparing the vari- 
ations underground with those at sea level. On plotting a scatter diagram 
of the variations underground against the variation in meson intensity at 
sea level, the regression line gave a value of 0-15 ::0:05 for the ratio of 
decrease underground to that at sea level in meson intensity. This should 
be compared with a value of 0-17 + 0-04 for the same ratio for 
observed during November 1960. 


the decreases 


$5. Discusston 
The following features of the Forbush dec 


reases recor m 
oad ses recorded underground 


(i) The rigidity dependence of the decreases was such that the ratio of 
the variation in meson intensity underground to that in neutron EE 
at sea level was 0-1 + 0-03, and the ratio of the variation in meson int ity 
underground to that at sea level was 0-16 + 0:04. gegen 

(ii) The duration of the decreases underg 
than that at sea level. 

(iii) Following the Forbush decreases, there were 
primary cosmic ray intensity whose secondaries were 
It appears that the direction of maximum inten 
on geomagnetically undisturbed days, at least o 


round was considerably less 


marked anisotropies in 
ere recorded underground. 
sity was different from that 
n 14 November. 
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The above features of the Forbush decreases recorded underground are 
similar to those observed at sea level. The ratio of the decreases under- 
ground to those at sea level is consistent with the value of 0-2 + 0-1 obtained 
by Blokh et al. (1959) for the ratio of decreases in meson intensity under- 
ground to the decreases in meson intensity at sea level at Yakutsk, USSR. 
The faster recovery of mesons underground, compared to the mesons at 
sea level, is consistent with the observation of Kitamura (1959) who found 
chat, “sllowing seven large Forbush decreases during the IGY, the cosmic 


zay i>vonsity at the equator recovered faster than that at high latitudes. | 

We chall now compare the results presented above with the predictions of i 
Hffer-5 theories put forward to account for the Forbush decreases. ! 
"hec: es proposed by several authors (Dorman 1956, Singer et al. 1962, | 
“itarsnra 1962) give a rigidity spectrum of the type dJ|J(P) - KP-1, i 


where dJ JJ is the fractional decrease in flux of particles of rigidity P and K 
a constant. Parker (1961) and Elliot (1960) have proposed theories which 
give different rigidity spectra for the decreases. We shall compare the 
predictions of these theories with the observations. Given the rigidity 
spectrum of the Forbush decrease, one may calculate the expected Forbush 
decrease using the following expression : 


c9. gy 
— (P)F(P)dP 
dI [os ap | JD 


= sss 
= Uu 


f IN (P) dP 


Pmin 


where d is the decrease in counting rate : 
ive) d V s 
I= Í aN (pyqp, 
Pmin aP 


(dN |GP)(P) being the differential response curve of the detector recording 
the intensity variations; Pmin is the vertical threshold rigidity and F(P) 
the fractional decrease in the flux of particles of rigidity P as given by any 
theory. 

Response curves applicable to detectors at sea level at different phases of 
solar activity have been given by Webber (1962) and we shall make use of | 
the differential response curves for the period of maximum solar activity. E 
The differential response curves for underground detectors cannot be ob- Eo 
tained in the same manner as those for detectors at sea level, and hence EET 
they have to be obtained either by theoretical caleulations or by some 
empirical method with the help of response curves applicable to such a 
detector at sea level or higher altitude. The lack of reliable knowledge of 
specific yield function at high energies ( > 50 Gev) prevents us from obtaining 
reliable curves theoretically. "Therefore, one has to resort to empirical 
methods. Dorman (1959) has pointed out that the response curves of 
meson detectors at two different depths in the atmosphere are related 
approximately in the following way : 


Pray (m) =P gay (M+a) +4, E db. 
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dN : 
where F Ea) = 108 qp (m) at depth 2, 


r 
Pry (m a) = log = (m -- à) at depth və, | 


m=log P, P being rigidity, 


E(x) 
E(x) 


a=log : 
E(x) and E(x.) are the minimum energy of mesons (at production) regui ed 
for them to be recorded by detectors at depths v, and x, respect. 
Equation (1) may be written as 


E(x) ap (P -aey 2 


QN a 
apt) gay gp. EG) 


A DE n Ble 
If | E ip, 23) — 100, then ses QN (P Zo) 9 ) =100, 
Pin 


dP E(v,) dP\ Ba)” 


Pmin 
IN (p. a)is the differential trigidity P and depth æ 
dp x) is the differential response at rigidity P and depth a, 


E(x) 
B(x) 


m) GN P He) is the differential response at rigidity P - 
F(x) dP 


E(x) 

and depth 2». 

Ifthe differential response curve at a depth x is known, then the response 
curve at another depth can be obtained using the above relations. Re- 
sponse curves applicable to meson detectors at a depth of 40 and 60 m.w.e., 
derived in this way from the response curve of a meson detector at a depth 
of 312g/cm? (Webber and Quenby 1959), taking E(x,)/E(x,) 212 and 19 
respectively, are shown in fig. 8. The differential response curve for sea 
level meson detectors, calculated in this way from the curve for meson 
detectors at 312g/cm?, agrees with the one determined experimentally 
within the limits of error in the rigidity range of zero to 15Gv. This sug- 
gests that Dorman's empirical method gives reasonably reliable (error less 
than 20%) response curve for meson detectors at greater depth. 

In the table are shown the ratios of decreases that will be recorded by 
different detectors as predicted by different theories. (The ratios rather 
than the expected decreases themselves are given solely for the purpose of 
avoid lecessity of determining the arbitrary cons 
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decreases observed underground was due to anisotropy in primary cosmic 
| rays. However, it is quite evident that no theory can succeed in explaining 
the Forbush decreases underground unless it predicts a decrease in the 
intensity of particles with energies even greater than 100 cev. 


Fig. 8 


312gm/cm* 


Sea Level 
D 


o 


Rigidity GV | 


Underground mesons | 

Sea level mesons 

Undergr 
we 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


400 On Forbush Decreases in Cosmic Ray Intensity 


ACKNOWLEDGMENTS 


This work has been carried out under the guidance of Professor H. Elliot, 
to whom I wish to express my deep gratitude. My thanks are also due to 
my colleagues at Imperial College, in particular Dr. T. Thambyahpillai 
for many helpful discussions. I also wish to thank the directors of various 
cosmic ray laboratories whose data have been used in the study described 
here. The measurements of cosmic ray intensity variations underground 
at London would not have been possible without the kind co-cxsration 
of the London Transport Executive, to whom I express my sncere 
appreciation. 


REFERENCES 


Brown, Ya. L., Dormay, L. I., and Kamuver, N. S., 1959, Proc. IUPDAF 
Cosmic Ray Conf. Moscow, 4, 155. 

BnuxBERG, E. A., 1956, Tellus, 8, 215. 

Dorman, L. I., 1956, Cosmic Ray Variations (Moscow: State Publishing House); 
1959, Section VII, IGY Programme (CR), No. 1. 

DuPERIER, A., 1949, Proc. phys. Soc., Lond. A, 62, 684. 

Error, H., 1960, Phil. Mag., 5, 601. 

KrrAMURA, M., 1959, Proc. IUPAP Cosmic Ray Conf. Moscow, 4, 129; 1962, 
Proc. Int. Conf. on Cosmic Rays and the Earth Storm, 2, 578. 

MarHEWS, T., THAMBYAHPILLAI, T., and WEBBER, W. R., 1961, Mon. Not. roy. 
Astr. Soc., 128, 97. 

Parker, E. N., 1961, Astrophys. J., 133, 1014. 

Sinepr, S. F., Lasrer, H., and LexcHEK, A. M., 1962, Proc. Int. Conf. on 

a pu di ie the Earth Storm, 2, 583. 

WEBBER, W. R., 1962, Progress in Elementary Particles and Cosmi i 
Physics, 6 (North-Holland Publishing Cou) Soe ta 

WEBBER, W. R., and Quensy, J. J., 1959, Phil. M ag., 4, 654. 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


[ 401 ] 


The Magnetic Moment Distribution in some Transition 
Metal Alloys 


By M. F. Corrs and J. B. FORSYTH 
Atomic Energy Research Establishment, Harwell 


Received 9 November 1962, and in final form 2 January 1963] 


ABSTRACT 


"Neutron diffraction measurements have been made on a series of iron- 
cobalt alloys using both polarized and unpolarized neutron techniques. 
‘She magnetic moment on the cobalt atom is shown to be broadly unaffected 
by alloying, whilst that on the iron atom increases to & value of about 3 ug 
as the cobalt concentration increases. Polarized neutron techniques have 
also been applied to the iron-nickel system to remove an ambiguity in 
earlier results obtained with unpolarized neutrons; it is confirmed that the 
moment on nickel does not rise above 1 py as the iron concentration is increased 
to 90%. 


§ 1. INTRODUCTION 


Tue problem of describing the electrons in transition metal alloys has been 
discussed for many years. In particular, the behaviour of the magnetic 
moments as an iron-alloy system passes over the peak of the Slater—Pauling 
curve is of interest. Information about the spatial distribution of the 
magnetic moments in such alloys can be obtained from neutron diffraction 
measurements. In the work reported here both polarized and unpolarized 
neutron techniques have been applied to the determination of the moments. 

With the existing experimental conditions we have been able to obtain 
the more accurate values of the moments using unpolarized neutron techni- 
ques but these give two possible solutions for the moments. In 1957, 
W. Marshall (unpublished) showed that, for a random binary alloy, the 
ambiguity may be removed by means of a separate polarized neutron 
experiment. The present work reports both polarized and unpolarized 
neutron data for the iron-cobalt system and also polarized neutron data 
for the iron-nickel system to remove the ambiguity found in the un- 
polarized neutron results of Collins ef al. (1962—hereafter referred to as A). 


$2. ALLOY DISORDER SCATTERING 


It follows directly from eqns. (6.34) and (6.5) of Halpern and Johnson 
(1939) that the equation for the total elastic scattering from a solid i 


de = Soxp lia: (r= rlbb epp t belaN] o. o. ( 
ij 239 
In this equation, 5; is the coherent nuclear scattering length of the at 
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which has magnetic scattering length p; and position defined by the vector 
r; ; p; is related to the magnetic moment p; expressed in Bohr magnetons by 
the expression : 

p;,=0-27y,f x 10-? em, 
with f the appropriate form factor. A is a unit vector describing the 
polarization state of the neutrons being scattered and q is given by : 

q=p-(@-p)@ 

with f. and Q unit vectors in the direction of the magnetization p and of the 
scattering vector Q respectively. The Debye-Waller factors have beer. 
put equal to unity. 

Rearranging eqn. (1) : 

d : ; 2 A 
E =|> exp Q- rj) Ei + [d — (3: 3)?]| Xpiexp ( Q* v;)[*, (2) 
i i 
where Z; —5;-- (q*A)pi. 

We may now consider the case of a binary ferromagnetic alloy with 
components « and b which have coherent nuclear scattering lengths ba and 
by and magnetic scattering lengths pa and pp. These are both assumed 
unique for the components—i.e. no incoherent scattering from the com- 
ponents and no variation of moment with environment. Any incoherent 
scattering can in fact be taken into account and shown to give no cross 
terms, but the derivation is then somewhat longer. 


Now Guttman (1956) shows that for a material with two constituents, 
if the cross section is given by : 


do 5 
JO [Dae exp ((@-r;)|?, 
this can be expressed as 


do _ N y 3 
ZO (da — a») > exp (Q* r)(cacn —4Pan(r)+ Bragg scattering terms 


=N (aa — av) S(Q)+ Bragg scattering terms, Sores B) 


where N is the total number of atoms, the c 

| E f s are the concentrations and 
Pap(r) is the probability of finding an atom b at r if an atom 4 is at r S 
For a random binary alloy S(Q)— cacb. Ege 


Thus the alloy diffuse differential Scattering cross section per atom can be 


byt 2(q°A)(ba—dp) (Da =) |e) 
) is assumed to be the same for both 
in eqn. (4) by multiplying the 
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experimentally by varying the magnetization, and the ratio of their magni- 

tudes yields values of (pa—pp)?/(ba—bp)? independently of the degree of 

short or long-range order in the system. Such a technique (Shull and 

Wilkinson 1955 ; A) is applied in the present work to the determination of f 
(Pre— Dc)? in the iron-cobalt alloy system. 

There remains, however, the problem of deciding the correct sign for 
(04 — fp) before it is possible to obtain an unambiguous set of magnetic 
r2oments for the two constituents of the alloy. At present this ambiguity 
c1 be resolved only by polarized neutron techniques. Here a convenient 
cxperimental procedure is to maintain a fixed direction of magnetization 

‘pendicular to the scattering vector Q and parallel to the direction of 
‘avization of the neutron beam. Cross sections are measured for neutrons 
i zed parallel and anti-parallel to the direction of magnetization and 
the ratio of their difference to their sum gives : 


| 


(ba — bv)? + (pa = Pv)’ 
again independently of the degree of short or long-range order. Such 
polarized neutron techniques give in principle more information about the 
scattering system than it is possible to obtain using only unpolarized 
neutron techniques. 

The above discussion has been based on the assumption that there is a 
characteristic magnetic moment associated with each of the constituents 
of the alloy. If in reality the moment is also a function of its actual 
environment, then our eqn. (4) will no longer be applicable for the magnetic 
components of the scattering. Thus the intensity distribution of the 
magnetic components will not be the same as that of the nuclear component 
(A). Should our assumption about the moments hold, however, the in- 
tensity distribution of the components of the scattering will be the same 
apart from the differences introduced by the form factor. In fact there is 
reason to believe that the moments can be satisfactorily defined to about 
5% in the iron-cobalt system (A). 


$3. Taz Inox-CoBALT PHASE DIAGRAM 


Below 800°c cobalt has complete solid solubility in body-centred iron 
from 100 to about 25% iron. There is much indirect evidence for the 
presence of an. order-disorder transition over a wide range of composition 
(Ellis and Greiner 1941, Yokoyama 1953, Masumoto ef al. 1954). This 
transition is based on FeCo where direct measurements by neutron dif- 
fraction (Shull and Seigel 1949) have shown the ordered alloy to have the 2 
CsCl structure. Recently neutron diffraction measurements by Lyash- 
chenko et al. (1962) have shown that alloys over the remarkably lar 
composition range of about 75-25% iron exhibit sharp superlattice pe 
indicative of long-range order. : 


CC-0. In Public Domain. Gurukul Kangri Collection Hari war 


MES —- 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


404 M. F. Collins and J. B. Forsyth on the 


4. EXPERIMENTAL METHOD 

We have made measurements on à series of iron-cobalt alloys chosen at 
20% intervals in the composition range. The specimens were of purity at 
least 99:9% and took the form of plates with dimensions 

1:59 x 1-59 x 0:200 em? ; 

these plates were examined in transmission and the grain size was kept 
in the range 0-0003-0-003in. 

Both types of neutron measurements have been performed by moans of 
well-established techniques that need not be discussed here (unpsisri 
experiments : Shull and Wilkinson (1955), Lowde and Wheeler (: 
polarized experiments: Nathans et al. (1959), Nathans and t 3 leti: 
(1959)). 


5. RESULTS WITH UNPOLARIZED NEUTRONS 
Figure 1 shows the nuclear and magnetic components of the scatvoring 
from 70%, 50% and 30% iron-cobalt alloys. For a random alloy the 
nuclear scattering would be isotropic except for the (small) influence of the 


Fig. 1 
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Debye-Waller effect. All the alloys in fig. 1 show pronounced ordering 
effects. Superlattice lines indicative of long-range order based on the 
CsCl structure appear in the annealed alloys. The alloys quenched from 
temperatures at least 200°c above the order-disorder transition temperature 
show a considerable degree of short-range ordering, seemingly based on the 
CsCl structure since the maximum of the scattering is near to the super- 
lattice lines for ordering based on this structure. We were not able to cool 
the 50% alloy at 6000°csec which Kadykova and Seliskii (1956) have 
shown is necessary to inhibit the long-range ordering process. 

The negative value of the magnetic scattering at low angles from the 
:99/, Fe-309/, Co sample is thought to be due to inaccuracies in the multiple 
"wagg scattering correction. This correction was applied by comparison 
with the scattering observed in pure iron (Lowde and Wheeler 1962) and also, 
in the case of the 30% Fe-70% Co alloy, by taking cross sections at three 
different thicknesses and extrapolating to zero thickness. The two 
methods were found to be substantially in agreement. 'The correction is 
especially large at small scattering angles and high iron concentration. 
For the 70% Fe-30% Co alloy the correction amounted to 0-004 barns 
per steradian at the lowest scattering angles measured, which is rather 
more than the observed scattering. On the other hand, at a scattering 
angle corresponding to the superlattice peak, where cross sections are 
applied to derive the atomic moments, the correction is only 0-001 barns 
per steradian or 10-20% of the observed cross section. 


§ 6. RESULTS WITH POLARIZED NEUTRONS 
6.1. FeCo 


Polarized neutron measurements have been made on the (100) and (110) 
polycrystalline diffraction rings from the ordered 30%, 50% and 70% 
iron-cobalt alloys. In each case the change of intensity of the superlattice 
(100) with polarization direction is such that Pre > po, and hence py, > kco 
The polarized neutron values for (Pre Peo) are in agreement with those 
obtained with unpolarized neutrons, though the former are subject to 
somewhat larger errors due mainly to the shorter counting times employed. 


6.2. FeNi 


The polarized neutron technique has also been used on two alloys in the 
Fe-Ni system, to remove the ambiguity in the moment values derived in A. 
Two factors make the determination of the sign of (ua — up) more difficult 
than for the FeCo alloys. The absence of any ordering in the b.c.c. solid 
solution at the more interesting Fe-rich end of the phase diagram necessi- 
tates the study of the low intensity background scattering, rather than 8 
superlattice line. This background scattering contains a contribution 
from multiple Bragg scattering, whose magnitude is difficult to estimate 
and whose intensity is reduced when the neutron spins are anti -parallel to 
the specimen magnetization direction. The other difficulty is introduced 


P.M. 2D 
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by the small difference in b values for natural iron and dern d 
1:025 x 10-!2em respectively), which gives 2 um D. "xeu 
x E i arized neutr > . 
duet (by—05)(pa— p») observed in the polarize cm ; 
T dor ere the diffuse differential scattermg cr ie sections, alloys 
have been prepared with the isotope "Ni (b= 0:30 x 10-1? em). 


Fig. 2. 


[^] 


Magnetic Moment Jig 
N 


[9) ee Aet fi 
Fe 20 40 60 80 NI 


f Nicke? 


Moments attributable to 3d electrons in Fe-Ni alloys as a function of composi- 
tion. Points @ have been determined unambiguously with polarized 
neutrons ; points O (and [] for ordered alloys) give the chosen one of 
two alternative moment sets consistent with an earlier study (A). 


Experiments on 90% and 60% Fe-Ni alloys have shown that py, > Exi 
at both compositions. The determination was performed as follows. 
At small scattering angles, if Hre > Ix; the component of the alloy diffuse 
scattering cross section for polarized neutrons is positive whilst if, on the 
other hand, ux,» ug, this component is negative. The positive and 
negative values have the significance that they indicate the difference 

en the scattering when the neutron spin polarization directions are 
walle and anti-parallel to the magnetic moment of the sample. 

y curate measurements with the low intensities 
n à polarized neutron spectrometer therefore suffice 

b ative solutions. The choice 
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experiment with an alloy containing 90% iron-natural nickel and of similar 
grain size to the isotopic alloy. Results, which were also confirmed in 
measurements with pure iron, showed that the multiple Bragg scattering 
was of order 10% of the alloy diffuse scattering from the 90% Fe—Ni 
sample so that it could be safely ignored. With the ambiguity thus 
resolved, the moment values in the iron-nickel system from A are as shown 
in fig. 2. 


§ 7. Discussion 


A study of fig. 1 shows that the shape of the magnetic and nuclear 
seattering patterns are closely the same apart from the difference introduced 
by the form factors. This observation is in agreement with the conclusion 
reached in A that, though the magnetic moments on the individual iron 
and cobalt atoms will vary slightly according to the statistical distribution 
of neighbourhoods, characteristic moments can be meaningfully defined 
in the alloy system to within an error of approximately 5%. Thus the 
magnetic intensities may be interpreted in terms of localized moments 
to this order of accuracy. 

In the table experimental values are given for (pa— p») at the (100) 
superlattice position. The saturation magnetization data also quoted in 
the table is taken from Bozorth (1951). No data were found in the litera- 
ture for the saturation magnetization change between the ordered and dis- 
ordered 70% iron alloy so this change was assumed to be negligibly small. 


Data used for obtaining the magnetic moments in the iron-cobalt alloy 
system. Moments are quoted in Bohr magnetons 


Fe (percentage) E pref. ü mos Co 


70 2-47 + 0:10 0-70 + 0-05 
(Annealed) 

70 2-47 + 0-10 0-61 + 0:08 
(Quenched) 

50 2-41 + 0:10 0-76 + 0-02 
(Annealed) 

30 2:18 0-10 0-74 + 0:07 
(Quenched) 


To determine the magnetic moments from the p’s one must make some 
assumption about the values of fa and fp. They have been taken to be the 
same as for the pure metals (Shull and Yamada 1962, Nathans and Paoletti 
1959). This procedure in effect considers only the 3d contribution to the 
total magnetism, and hence would be inaccurate if there is also a strong 
conduction electron polarization. Thus if there were a conduction 
electron polarization of about — 0:2 ug throughout the iron-cobalt system, 

2D2- 


= 
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as has been found in iron by Shull and Yamada (1962), it would be necessary 
to increase the values of the 3d moments which we derive by about 0-2 up | 
for both the iron and cobalt atoms. | 

The individual magnetic moments in the iron-cobalt system are plotted 
in fig. 3 as a function of alloy composition. Standard deviations plotted 
are due to uncertainties in the data given in the table ; the assumptions 

about the atoms having characteristic moments and about f introduce | 
another source of error of the same order of magnitude (0- lbug)» Our 
values for the ordered 50-50 alloy are in satisfactory agreement with ‘hose 


f of Shull and Wilkinson (unpublished) of pye = =2:9+0:15 and ligo = l'9 + O15. 
| Fig. 3 
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Moments attributable to 3d electrons in Fe-Co alloys as a function of composition 


The general picture is that the moment on 'emai | 
A broadly unaffected by alloying whilst that on o em ann 
value of about 321 Lp as the cobalt concentration increases. Th ae Ae 
a small change in the moments when the alloy undergoe ees | 
transformation goes an order-disorder 
been pointed out by Lomer and Marshall (1958) that, in the ab 
neutron data, it would be equally feasible to inte md 
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This implies that when a cobalt or nickel atom is introduced into iron an 
extra moment of about 2 is distributed over the iron sites. 

The 3d moments derived in this experiment have been compared with 
observations of the hyperfine field at the iron nucleus as measured by the 
Mossbauer effect (Johnson et al. 1961) and at the cobalt nucleus as measured 
by the nuclear specific heat (Arp et al. 1959). In neither case is the hyperfine 
field found to be proportional to the atomic moment, although in several 
alloys of iron with non-magnetic elements the hyperfine field is found to be 
proportional to the moment on the iron atom (Kocher and Brown 1962). 

It is of interest to note that the saturation magnetization data of Fallot 
(1938) show that, when rhodium, iridium, palladium and platinum are 
introduced dilutely into iron, either they all have a large moment (> 2 up) 
or, in each case, their presence causes the iron moment to increase. Since 
the introduction of either cobalt or nickel is now known to cause an increase 
of the moment on the iron atoms, it is suggested that a similar mechanism 
might apply for the corresponding 4d and 5d elements. This conjecture is 
borne out by recent experiments on ordered PdjFe (Cable et al. 1962, 
Pickart and Nathans 1961) and on ordered Pt,Fe (Bacon and Crangle 
1963) which gave py, as about 2:8 uyg and 3:3 ug respectively, so that the 
moment on the iron atoms is appreciably larger than in pure iron. Further 
evidence suggesting that the moment increase is principally on the iron 
atom is given by unpublished work of Johnson, Ridout and Cranshaw, 
who show that the hyperfine field at the iron nucleus increases when palla- 
dium or platinum are added dilutely to iron. 

All the alloy systems which follow the Slater-Pauling curve into its peak 
contain iron as a major constituent. This fact together with the experi- 
mental evidence that the iron moment inereases in these systems between 
pure iron and the peak of the Slater-Pauling curve suggests that this portion 
of the curve may reflect specifically a changing electronic structure of iron 
rather than some more general property of alloys which is a function of 
electron concentration only. 
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ABSTRACT 


The invariants of the tensor field in a magneto-electric medium are formu- 
lated and the results are used to obtain an expression relating the magneto- 
electric susceptibility to the parameter, «, which connects the experimentally 
measurable fields. It is found that there is & critical value of magneto- 
electric susceptibility that may not be exceeded. The influence of the 
magneto-electric effect upon the apparent permittivity and permeability of 
the medium is also investigated. 


$1. INTRODUCTION 

Ix a magneto-electric medium there is a linear reciprocal relationship 
between the magnetic field in the medium and its electric polarization, and 
between the electric field in the medium and its magnetic polarization. 

This effect was predicted by Dzyaloshinskii (1960) and has been studied 
experimentally, in single crystals of chromium oxide, by Astrov (1960 and 
1961) and by Rado and Folen (1962). 

It has been proposed (O’Dell 1962, referred to below as Ref. 1) that the 
most useful way of expressing the relationship between the polarization 
tensor, M;;, and the field tensor, F;;, in a magneto-electric medium, is by 


ij? 
means of the tensor equation : 


pot; = EFF, ce. l) 
where the general susceptibility tensor, £4, combines all the electric, 


1j? 


magnetic and magneto-electric susceptibilities of the medium. Here, 
the tensor indices take the values 1,2,3, 4; the coordinates x1, z? and 2? 
being the three space coordinates while x*— ict. 

In general, the field, excitation and polarization tensors are related by 


Ta eoe My) 2s ee 292) 


(Panofsky et al. 1962) so that, from eqns. (1) and (2) the excitation tensor, 
fi; may be written 


A-cG-uqpr,. . . 0 E 


By using eqn. (3) the well-known field invariants (Sommerfeld 1952) 
may be written 


- l 
p — m qer i T 
fugi C (9j Gy t = - @ 
and s L = 
De DEG. MI 
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^ 


Here, #4 is the tensor dual to F; and is defined by the equation 


gü-idulP.. 


(6) 


A study of the two field invariants, eqns. (4) and (5) in a magneto-clectric 


medium will be made in what follows. 


This leads to some interesting 


results and makes it possible to predict some of the properties of magneto- 


electric media, in general. 


$2. Tue Frenp INVARIANTS IN AN IDEAL MAGNETO-ELECTR:O 


MEDIUM 


Consider a magneto-electrie medium in which, for simplicity, it » 
assumed that the magnetic and electric susceptibilities are nes 
Under such conditions the only non-zero elements of the tensor 


be the principal magneto-electric susceptibilities, 


41 g42 43. £23 £31 2. 
8. and éi; Ent and £5 ; 


ay b e 


which relate the magnetic polarization to the electric field; and the 
electric polarization to the magnetic field, along the three space coordinates 


vl, a? and 23. 


In cartesian coordinates: a!=a, 22=y, a? —z and vt=ict, the field and 


excitation tensors take on the particularly simple form 


d, CB, c ae Da Bln EE ODE 
E. On CBs =i | -H 0, H,, —icD 

cB,, —cB,, 0, —iE, |’ hu = Bigs =H O; lu. 
UB. Ugo dips W icD., icD,, icD,, 0 


(Sommerfeld 1952). Equation (3) may be written out in full for these 
coordinates, and for the particular medium under consideration, as 


2i 


1 9i 
Da te ie a 
5 Wc? = Hoe en ze x m B, m: 


l 2i 3 
D === H F 31 seal 4 
opet eB, Hue e B,- ep, 


Ho 


l 96 9 
D -———E HU a2 RENI 2i 
z ME E TBI H,— —B,— — 87. 


^ Ho Hoe 
When eqns. (7) are compared with the constitutive e 


elements of é by the equations 


8E, 


(7) 


. oe Q e ti i 
Dzyaloshinskii (1960), bearing in mind that DOE dum Has 


ymbol for magnetic field strength where 
ib nereas here the symbol B i 
seen that the magneto-electric constants, o and o, ER Sn m 
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{ showing that, in this representation, the magneto-electric susceptibilities 
are imaginary numbers and that 


ü--&. di--H, d--m. .  O) 


This result led to the suggestion, in Ref. 1, that in a lossless medium 
(Gaye = GJJ ger ? (10) 
o» that the susceptibility tensor should be completely Hermitian in an 
iterchange of its covariant and contravariant indices. It is well known 
‘hat this is the case for the electric and magnetic susceptibilities. It 
-hould be noted, however, that eqn. (10) is a pseudo-tensor equation and 
aly remains true under certain coordinate transformations. This will 
e discussed further in $5. 
fn cartesian coordinates the field invariants, eqns. (4) and. (5), may be 
written out in full as 


i 2 9 9 
fF? 2 — (e|BP- |E[ Scr em ee se (11) 
Hof 
and 
n —4,. 9 D2 2 49 (4.9 R? 2 43-2 R2 PING D 

fuf ce (icE- B+ (B2 + E2) + E(B? + Ep 8NeB;eE) 02 
| 0 
| where use has been made of eqn. (9). The magneto-electric susceptibilities 
| have vanished in the formulation of the first invariant, because of eqn. (9), 
| but appear in the second invariant, eqn. (12). This latter invariant 
l vanishes in the vacuum (Sommerfeld 1952) and, because the magneto- 
| electric susceptibilities are arbitrary, it should vanish in general so that 


| icE- B+ gf (2B? + B2) + £( B; + B2) + E(B; + B5) - 0. (13) 
l This result can be used in an interpretation of the experimental procedure 
for measuring the magneto-electric susceptibility. 


$3. THE EXPERIMENTAL DETERMINATION OF MAGNETO-ELECTRIC 
SUSCEPTIBILITY 


1 

| 

| 

| Consider an experimental arrangement, of the type described by Rado 

| and Folen (1962), where a thin, single crystal, dise of magneto-electric 

L material is placed between two electrodes. The electrodes may be made 

; so thin that they produce negligible perturbation of the magnetic field and 

| the boundary conditions can be further simplified by making the disc 

| part of a closed magnetic circuit, thus removing the complication of the 

| so-called ‘demagnetizing field’. The magnetic circuit could be made ofa 
ferrite material so that it would produce negligible perturbation of the 
electric field within the disc. 

If an alternating voltage is now applied to the electrodes an alternating 
magnetic field will be set up in the disc, in the same direction as that of the 
applied electric field, because of the magneto-electrie effect. The same 
magnetic field will be set up in the magnetic circuit, if it has sufficiently 
high permeability, and this can be measured by measuring the voltage 
induced in a coil wound around the magnetic cirenit. In this way the 
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coil could be kept well away from the crystal so that the electric field inside 
the crystal was not distorted. Me 

| Such a configuration is physically realizable and has particularly simple 
boundary conditions. Provided the frequency of the alternating voltage 
applied to the electrodes is low, the magnetic field due to the displacement 
current in the crystal may be neglected and only the axial magnotic field, 
B,, due to the magneto-electric effect need be considered. £ imilari y, 
the only component of the electric field that is non-zero is the 2712] corz- 
ponent, Z.. 

| Under these simplifying assumptions eqn. (13) may be written 

| icB,E,-- £S(c? B2 + E2) 20 eu. SM 
| and this relationship will be exact at zero frequency. 


The experimental work of Astrov (1960, 1961) and of Rado and Folea 

(1962) has been concerned with the measurement of «, in the expression 

| GB On ste ccu ae cell V (1) 

B, being the magnetic field that is measured when an electric field E, is 

| applied to the crystal. The additional c is required here so that a, is 

dimensionless in the m.k.s. system of units being used. These experiments 

were performed at frequencies of only a few kilocycles so that the assump- 
tions, that were made above, should be valid. 

Equation (15) may be substituted into eqn. (14) to give 


(Si) T6) 


and, because F, is being treated as the independent variable, it follows 


that the relationship between w, and 1) must be 


2c VA a9 
(e b T 12 j ; (17) 
where the root has been chosen 2 


Equation (17) shows that if 


2>t/2 or é< wc E ate US) 
then the parameter w,1s complex. Because the results should be exact at 
zero frequency, where a complex value of æ, would have no physical mean- 


ing, it may be concluded that €i» must lie between the limits +; /2and —i[2. 
These are the same critical values that were found to separate the two 

i distinct modes of wave propagation in Ref. 1. The physical meaning of 
ee value of magneto-electric susceptibility will be discussed in $4. 

en the magneto- i i 

EU gneto-electric effect is weak, I&3| «1, eqn. (17) may be 


such that c, is zero when £13 is zero. 


o, iér, cae oe a Eu) 


pared with eqns. (8), allowing for the constant l[u,c, it 


u: one-half of the t 
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and if eqns. (15) and (19) are substituted into this the result 


H,-— E, PETERE UE. (n 
Hoe 

is obtained for the case where the magneto-electric effect is weak. This 
shows that H, is in the opposite direction to B,; a result that might be 
unexpected in view of the choice of boundary conditions that eliminated 
all the field components except those in the z direction and consequently 
climinated any demagnetizing field. It is incorrect, however, to expect 
JI, to be zero under such conditions, as it would be in a ferromagnet, 
because the magnetization in a magneto-electric medium is a linear 
-:versible phenomenon and there must be energy associated with the mag- 
zetie field in the crystal. The magnetic field that is measured in such an 
experiment is consequently equal to one-half of the field that would be 
produced by the magnetization alone and the true magnitude of the 
magneto-electric susceptibility is twice the magnitude of the a, that is 
ineasured by this method. 

Very similar remarks apply to the converse experiment in which a 
magnetic field is applied to the crystal and the resulting electric field is 
measured (Rado and Folen 1962). In this case B, will be the independent 
variable and the parameter «,, in the equation 


H,=a,cB, ee ru d ence sl) 
will be measured. 
Substitution of eqn. (21) into eqn. (14) gives the result 


à Ez Az 


$4. Tug Maximum PERMISSIBLE VALUE OF THE MAGNETO-ELECTRIC 
SUSCEPTIBILITY 


Equation (17) has shown that the magneto-electric susceptibility must 
lie between the limits +7/2 and —2/2. When these limits are reached 
the parameter o, has its maximum possible value of unity. 

The measurements of «œ, , that have been made so far are listed below and 
it can be seen that these values are all several orders of magnitude below 
the maximum value proposed. 


Author a, for CrO; Remarks 


Astrov (1960) 1:2 10-5 First measurement on unaligned 
crystal 
Astrov (1961) 6:0x 10-* First measurement on aligned 
crystal 
Rado and Folen (1962) | 3:6x10-4 | Aligned crystal. First measure- 
ment of the reciprocal effect | 
with a static field 
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The effect in these experiments can, therefore, be said to be weak and 
eqn. (19) applies. i : 

When the effect is strong the more complicated relationship between the 
measured a, and the magneto-electric susceptibility must be used. The 
reason for this is that there are now other fields acting in the medium. which. 
could be neglected when the effect was weak. 

Consider an experimental arrangement, of the type previously described, 
where an electric field, Æ, is applied to the crystal. This electric field will 
produce a magnetic field 

B,=«,H,Jc. 


However, because of the magneto-electric effect, this magnetic fii wii 
produce an electric field 
H,=«,cB, ; 


which is a second order effect when the magneto-electric effect is weak. 
This electric field, #,, will add to the field, #,, originally applied. The 
situation would clearly be unstable if œ, exceeded unity because then É, 
would exceed the field originally applied. When œ, is equal to unity, 
E =E and the effect would be self-sustaining. 

The need for an upper limit to the magnitude of the magneto-electric 
susceptibility can also be seen by considering the apparent permittivity 
of the crystal. From eqns. (7) and (15) the result 


1 : 
JD) — T (l= 21680.) i eae s(22)) 
is obtained, showing a second-order modification in D, because of the 
magneto-electric effect. From eqns. (17) and (22) it can be seen that when 
the critical value i2= +7/2 is reached, D, is reduced to zero and so is the 
apparent permittivity of the crystal. 

s Very similar remarks apply to the apparent permeability of the crystal 
in the converse experimental arrangement where a magnetic field is applied 
to the crystal. There is now a second-order modification in H. and the 

z 


permeability becomes infinite when the magneto-electri ibili 
reaches its critical value. Ee | 


$5. CONCLUSIONS 
ts have been obtained by considering the field invariant, 
es the two measurable quantities E and B. These 
on the magneto-electric susceptibilities 
etry given ın eqn. (9) or, in general, that 


end 
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has given a list of the 11 types of crystal that should show the magneto- 
electric effect together with a list of their magneto-electric susceptibility 
tensors, in a three-dimensional representation. All these are compatible 
with the genera] susceptibility tensor, in the four-dimensional representa- 
tion that is used here and in Ref. 1, and also with the general symmetry 
condition given by eqn. (10). 

[t should be noted, however, that the susceptibility of a medium, when 
represented by a general susceptibility tensor in four-space, depends upon 
‘he frame of reference. For example, consider an isotropic dielectric 

hich in a stationary frame of reference would have susceptibilities 
Me ee t = ete et. (Uu 


dics S4ncc S48 eS 
ail other elements of the tensor é being zero. If this medium is now set 
moving along the positive a1 axis at a velocity Bc a simple calculation shows 
that, viewed from a stationary frame, it is now an anisotropic medium with 
electric, magnetic and magneto-electric susceptibilities given by £P, 
where 


é 7 


£12 = £2 iE i31 — £43 = Bs : 
42 12 te 2? 43 31 TEE 

The magneto-electric susceptibilities £2, £2. &l and £93 do not show the 
symmetry given by eqn. (10) in this case, and it would not be possible to 
represent the magneto-electric behaviour of a moving dielectric by means 
of a tensor in three-dimensional space of the type described by Indenbom 
(1960). 

It is interesting to note that the susceptibilities given in eqn. (24) may be 
substituted into the six by six determinant given in Ref. Land the well-known 
equation to the wave vector surface, in a moving dielectric, obtained very 
directly. This follows because the equation to the wave vector surface, 
obtained in Ref. 1, does not depend upon the symmetry defined by eqn. (10) 
but is quite general. 

The limiting values of the magneto-electric susceptibility that have 
been found to apply, in a medium showing the symmetry of eqn. (10), 
now make it clear that the evanescent mode of propagation, found in Ref. 1 
to exist when the magneto-electric susceptibility was outside these limits, 
is not physically possible. 

In the analysis here, the relative permittivity and permeability of the 
medium have been set equal to unity for simplicity. Ina practical problem, 
the magneto-electric media are antiferromagnetic polar crystals, the permit- 
tivity may be quite large. However, the inclusion of a set of non-zero 
electric susceptibilities is quite straightforward and only modifies the 
results slightly. re 
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ABSTRACT 


The magnetic susceptibility of vanadium-based solid solutions containing 
titanium, manganese, iron, cobalt and nickel has been measured, as a function 
of solute concentration, at 20°, 77? and 293°K. 

Except for the titanium solutions, which showed a flat maximum at about 
5 at.%, the susceptibility decreased smoothly with concentration, the rate of 
decrease being governed, apparently, by the average electron density of the 
solutions rather than by the characteristics of the particular solutes. 

The temperature dependence of the susceptibility was found to be slight 
except in the case of solutions with high iron contents (above about 20 at.%). 
These showed signs of Curie-Weiss behaviour. 

The susceptibility results are interpreted in terms of a collective electron 
model. (Values for density and hardness of the solutions are also reported.) 


$1. INTRODUCTION 


Tur remarkable property of vanadium in forming extensive solid solutions 
with seven neighbouring atomic species in the same period of the periodic 
table, affords the unique opportunity of comparing the effects, on the 
physieal properties of a solvent metal, of a large number of solutes which 
have similar inner electron structures but which differ in atomic size and 
valency. 

Magnetic susceptibility is a property of obvious importance in this 
context, particularly since the paramagnetic susceptibility of vanadium 
itselfis relatively high and due mainly to the paramagnetism of the electrons 
in the 3d band (Childs et al. 1959—henceforth referred to as I). Inter- 
pretation of the susceptibility behaviour of the vanadium solutions is thus 
likely to be simpler than is the case for weakly paramagnetic or diamagnetic 
alloys, where the measured susceptibility comprises several independently 
varying terms of comparable size. 

In a previous paper (Childs et al. 1960)—referred to as II—we have 
reported susceptibility results as a function of concentration for solutions 
of chromium in vanadium. Here we extend the work to the solutes 
titanium, manganese, iron, cobalt and nickel. The composition limits of 
the corresponding solutions are 70, 50, 30, 8 and Sat. % respectivel: : 


T Now at Dounreay Experimental Reactor Establishment, Thurso, Caithness. 
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$2. PREPARATION AND EXAMINATION OF THE SPECIMENS 


The vanadium used in the alloys was obtained from Johnson, Matthey 
and Company (J.M.), the U.S. Bureau of Mines (U.S.B.M.), and the 
U.K.A.E.A. Laboratories, Culcheth (C). It has been fully described in I. 
A1! of the solute metals were supplied by Johnson, Matthey and Company. 
Ir addition, high purity iron was obtained from the National Physical 
Loboratory (N.P.L.) and high purity titanium from Imperial Chemical 

stries Ltd. (I.C.1.). Detailed analyses of the solutes are given in 
banien 

‘ne alloy specimens were prepared by the methods described in II. 

composition, density and hardness of each specimen was measured and 
its microstructure studied metallographically with the following results. 


2.1. Composition 


Fhe composition of each alloy button was determined from the initial 
w eights of its constituents after correcting for the loss in weight which 
occurred on melting. Except for alloys containing manganese the loss in 
weight was small (~ 1% )and was assumed to be due to Sos evaporation, 
since the solute vapour pressures are all much larger than that of vanadium 
(Smithells 1955). The extremely large vapour pressure of manganese 
(190mm Hg) at the melting point of vedi caused. very large losses to 
occur. These were allowed for by including an excessive quantity of 
manganese in the initial furnace charge ofthe alloy. 

The composition of certain selected specimens was also obtained by direct 
chemical analysis. The results agreed, within the experimental error, with 
those determined from the weighings. The final composition values are 
estimated to be correct to within 3% of the figure reported. 

2.2. Density 

The density values of the annealed specimens measured at 20°C are 
shown as a function of composition in fig. 1. These values served as a 
check on composition and, in addition, were used for estimating the possible 
effects on susceptibility of changes in the interatomic spacing. 

The density values for titanium- and iron-containing solutions roughly 
agree with the values calculated from the lattice parameter measurements 
of Pietrokowsky and Duwez (1952) and Martens and Duwez (1952) respect- 
ively. On the other hand, the lattice parameter measurements of Rostoker 
(1958) give density values for vanadium—cobalt alloys which decrease as the 
cobalt concentration is increased and values for vanadium-nickel alloys 
which are independent of nickel concentration. ‘These results therefore 
disagree with our measurements. 


2.3. Hardness 


The different solutes all had a similar hardening effect on vanadium. 
The hardness values, shown as a function of concentration in fig. 2, ranged 


from 110 VPN (5kg load) for pure vanadium to 490 VPN fora 30at.% iron 
solution. 


P.M. 2E 
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| The hardness also depended on the source of the vanadium, the values 
z^. being systematically higher for the J.M. than for the U.S.B.M. material. 
| This is presumably due to the lower impurity content of the latter. 


Fig. 2 
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materials since Clough and Pavlovic (1960) have shown that as little as 
360 p.p.m. of carbon in vanadium produces a second phase of h.c.p. VC. 
On the other hand, 700 p.p.m. of oxygen and 830 p.p.m. of nitrogen did not 


produce a precipitate. 
$3. SUSCEPTIBILITY MEASUREMENT 


The method used to measure the susceptibility of the specimens has bec: 
described previously (Childs and Penfold 1957). The measurements wer 
made using a Sucksmith ring balance to an estimated accuracy of + 1% 
The apparatus was calibrated, using a tantalum specimen (susceptibii 


Fig. 3 


Fig. 3 (continued) 
Digitized by Arya Samaj Foundation Chennai and eGangotri 


AS 


Be 


— E SU ` 
| 
Digitized by Arya Samaj Foundation Chennai and eGangotri 
i 


426 B. G. Childs ef al. on the 


0-849 x 10-5 e.m.u./g) as standard, at frequent intervals during the work, t 
€ o mo E * z f 

The measurements were made at three temperatures : 20°, 77° and 293^ &. | 
| 

| 

| 

| 

| 

1 

| 

1 


§ 4. RESULTS 


The mass susceptibility values found for the various alloy compositic:.s 
and temperatures are given in table 2, and the 20°xK gram-atomie suscepi- 
bilities are shown as a function of solute concentration in fig. 4. Ag 
results for the vanadium-chromium solid solutions, given in II, are aise 
reproduced in this figure. | 

No significant difference was found between the values for specimens | 
prepared from the different source materials despite the differences in | 
hardness shown in fig. 2. This suggests that our results are unaffected by | 
the impurities present in the starting materials. 

The susceptibility decreases progressively with concentration (fig. 4) 
for all the solutions except vanadium-titanium (and vanadium-chromium r 
as discussed in II). For the vanadium-titanium system a maximum occurs | 
at about 5a. % titanium, and our values are consistent with those found, | 
at higher concentrations, by Taniguchi et al. (1962). Their values at 20? | 
were 279 and 264 e.m.u.|g atom for 25 and 50at. % titanium respectively. 

The manganese, iron, cobalt and nickel alloys all showed similar mono- 
tonic decreases in susceptibility with concentration. The rate of fall of l 
cru was found to increase with the atomic number of the solute. 

ie e e vun temperature between 20? and 293°x | 
iron (23:3 FeV). This D RUM for all the alloys except 23-3 at. % 
. ed a large increase. 


§ 5. Discussion 

The absence of a Curie-Weiss term in 
studied (except 23:3% FeV), 
each atom is not spin 
(Drain 1960) of line 
firm this suggestion. 


the susceptibility of th 

l shows that the Uo ENS pile P. 

polarized. ; Nuclear magnetic resonance observations 

width and intensity for vanadium-based alloys con- 
Tt thus seems reasonable to interpret our results in 


continuity in slope is apparent as the 
the value ; 


Table 2. The mass susceptibilities of vanadium -based solid solutions 


Titanium 


Manganese 


Tron 


Cobalt 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Magnetic Susceptibilities of Vanadiwm-based Solid Solutions 427 


Concentration Source 
O, 
(at. %) Vanadium Solute 20°K 
1-54 U.S.B.M. T.C.I. 5:88 
6:01 


JM. 


0:69 J.M. J.M. 5:56 
0:74. U.S.B.M. N.P.L. 5:75 
1:9 J.M. J.M. 575 
3:3 6 2 5-47 

i 2? 3) 5:42 


Xm X 109 e.m.u.[g 


7T°K 293°K 
5:86 5-71 
5-96 5:91 
5:84 5:64 


5-72 5:59 
5:55 55l | 
5:69 5:56 


5:36 533 — 


5-61 | 592 
5.68 | 559 
5:75 5:65 
5-44. 5:36 

5-40 


521 


428 


350 


300 


w 
(0) 
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300 


& 10° emu./ g atom) 
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The common behaviour holds up to an e/a value of about 5-6. Above 
this the values for the chromium and iron solutions diverge and the simple 
trec;nent breaks down. The susceptibility variation in the common 
curvo cannot be interpreted solely in terms of a variation, with electron 
cons-ntration, in the density of states ofthe band. Thus the susceptibility 
dium was previously (II) discussed in terms of a Pauli susceptibility, 
sed by an exchange interaction, together with smaller diamagnetic 
vobutions. In fact there must also be a large contribution from a Van 


Fig. 5 
sse i T T T [scere 


e, 


GRAM- ATOMIC SUSCEPTIBILITY 


for vanadium-based solid solutions. v titanium; 
O manganese; ^> iron; O cobalt; A nickel. 
Vleck type paramagnetism which will considerably reduce the 
exchange enhancement, previously invoked. The temper 
pendent Van Vleck term arises from the quantum- lec 
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This term may be appreciably modified by the details of the E-k curves 
near the Fermi surface. For the d band of vanadium assuming Aq — 4-5, 


and E, 2ev (Orgel 1961), 

yvy ~ 160 x 10-5 e.m.u./g atom. 
The Van Vleck term will have its largest value when the Fermi level is z 
the middle of the d band but the details of the Z-k curves at the Pex i 
surface will also affect its magnitude. 
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concentration over this particular range, its value must be about 140 x 10-$ 
e.m.u./g atom for the relative changes in y and the Pauli spin-paramagnet- 


ism to be the same, neglecting exchange enhancement. For electron 
concentrations lower than that of vanadium, i.e. for vanadium—titanium 
alicys, changes in the Van Vleck term may account for the difference 
bc;een the sharp maximum at 5at.% Ti in our susceptibility results 
ai. She broad maximum (50 at. % Ti) in the electronic specific heat results. 


contrast to the decrease in its magnetic susceptibility, the Knight shift 
nadium increases with concentration for small additions of solutes 
higher atomic number (Drain 1960). However, these increases are 
not a function only of concentration, as is the susceptibility. This be- 
haviour may be explained by considering the Knight shift to be the sum of 
three contributions due, respectively, to the Pauli paramagnetism of the 
s electrons, the negative polarization of the ion core s electrons by the para- 
magnetism of the d band electrons and the Van Vleck paramagnetism. If 
we assume, as before, that only the negative term, due to the density of d 
states, varies with concentration then this term would account qualitatively 
for the increases in Knight shift as the observed susceptibility decreases. 
Tt would not however account for the absence of correlation with electron 
concentration. 

We wish to point out that our susceptibility measurements as a function 
of temperature are insensitive to the anomaly (~ 1%) observed in the 
susceptibility of vanadium by Burger and Taylor (1961) at about 240°K. 
An anomaly was also observed in the resistivity of vanadium at a temper- 
ature which has subsequently been found to be dependent on alloying 
(Taylor, private communication). The origin of this small anomaly in 
susceptibility and resistance is not understood but the nuclear magnetic 
resonance observations on vanadium and vanadium-based alloys (Drain 
1960) as a function of temperature indicate it is not a magnetic transition. 
Tn addition itis too small a term to affect any of our conclusions. 

Contrary to our conclusions, Müller (1959) deduced that small amounts of 
chromium, manganese, iron, cobalt and nickel, dissolved in vanadium, 
possessed localized moments. His deductions were based on measurements, 
for the above solutes, of dT'c|dc, the rate of change of the super-conducting 
transition temperature with solute atom concentration when compared 
with d7c/dc for titanium and copper alloys. However, comparison with 
the value for d/Tc|de, obtained recently, for vanadium—titanium alloys, 
by Hulm and Blaugher (1961), would indicate no moments. 

All the evidence available at present thus suggests that the d electrons 
of the solute atom in vanadium contribute initially to a common sub-band 
where they are spin-paired. At an electron concentration of about 5:7, 
however, the spatial electron distribution can become spin-polarized about 
certain solute atoms (e.g. iron) although in chromium alloys of the same 
electron concentration this spin polarization is not observed. The appear- 
ance of moments only at this or greater electron concentration, but not 
lower, is associated with the density of states, which has fallen by a factor of 
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4 in the electron concentration range 5:0 to 5:7. At e[a — 5:7 the value of 

the density of states must be small enough to warrant moments on iron. 

atoms but the smaller excess charge and consequently smaller self-exchango 

interaction evidently prevent moments on the chromium atoms (Andersen 
1 


i 

| 1961). Moments are, however, able to appear on chromium atoms when 
| the density of states falls even further in the concentration range beyou 
| 
i 


e[a — 5:9 (fig. 6). 

It is interesting, finally, to compare the appearance of moments on i: 
atoms in vanadium and niobium based alloys. Thus Matthias et al. (1667) 
dissolved 1 at. % of iron in a range of niobium-molybdenum solid solutions 
and noted the occurrence of moments at an electron concentration of 5:5. 


$6. CONCLUSIONS 


(1) The susceptibility of vanadium -based alloys is determined by elec- 
tron concentration but cannot be directly interpreted in terms of the 
density of states. The major contribution of about 140 x 10-5e.m.u./g 
atom, in fact, appears to come from the Van Vleck paramagnetism. 

(2) Our susceptibility results combined with recent nuclear magnetic 
resonance data show that there are no unpaired spins in the alloys up to an 
electron concentration of 5:6. 

(3) At 23-3% iron-vanadium alloy (e/a = 5-70) contains unpaired electron 
EPS: whereas chromium alloys up to 80% Cr (e/a=5-80) do not. This 


difference is attributed to the smaller self-e interacti ? 
Hen s ir xchange interaction for the 
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ABSTRACT 


Dislocation loops are observed in sodium chloride erystals heavily doped 
with barium chloride. The behaviour of the loops under the action of 
mechanical stresses generated when cooling the crystal is consistent with their 
being negative prismatic, with a Burgers vector parallel to [110]. Their 
origin appears to be from the operation of Bardeen-Herring sources. The 
relationship of this work to that of other authors is discussed. 


$1. INTRODUCTION 


Disnocations have been decorated in the sodium chloride-barium 
chloride mixed crystal by Edner (1932) and, more recently, by Amelinckx 
(1956). The work to be described here used crystals which had been very 
heavily doped (~1% by weight) with barium chloride, a concentration 
which was found to induce massive precipitation as well as dislocation 
decoration. ‘The observations are of dislocation climb, of the formation 
and properties of dislocation loops and of the effects on the loops of 
mechanical stresses in the crystal. It is believed that these observations 
are pertinent to the previous work of Amelinckx (1957 b) and Bontinck 
(1957), and to the views of Kuhlmann-Wilsdorf et al. (1962) on the ease 
with which dislocation climb can occur. 


§ 2. EXPERIMENTAL METHODS AND OBSERVATIONS 


The mixed crystals were grown in air by the Kyropoulus method, using 
a vitreous silica crucible. The grown crystals were annealed in air down 
to room temperature over a period of 24 hours ; in this state they were 
white and opaque. Specimens approximately 5 mm square x 10 mm long 
were cleaved from the large crystals, reheated in air to 650°c, annealed at 
that temperature for four hours, and air quenched to room temperature. 
Cleavage plates, (001), 0:5 mm thick were removed from the surface of the 
specimens. Macroscopically the quenched plates were transparent, but 
when examined under dark field illumination, dislocations were seen to be 
decorated as granular white lines. 


+ Now at Steatite and Porcelain Products Ltd., Stourport-or Severn, 
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Fig. 1 


Decorated loops. Inset - 


side view of loop. N : 
toward [110] (x 1090), ^^ “Reet of ends 
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2.1. Evidence for Dislocation Climb 
Direct evidence that dislocation climb could occur in the mixed crystal 
was furnished by the behaviour of dislocation loops emitted from the 
vicinity of 5 u diameter alumina spheres embedded in the crystal, fig. 1. 
: difference in the coefficients of thermal expansion of the alumina and 
t alt gives rise to radial compressive stresses during the air-quench. 


Fig. 3 


ru 


Interaction of large loop with prismatic loop system ( x 1500). 
Fig. 4 


Profile drawing of fig. 3 to show the Burgers vector of the system must be 
inclined to the plane of the large loop. 


Jones and Mitchell (1958) have shown that, under these conditions, loops 
of positive edge dislocation (extra ‘pennies’ of material inserted into the 
lattice) can be formed with a diameter of 1/4/2 times that of the sphere, 
and glide away from the sphere, thusrelieving the stresses. The progressive 
decrease in diameter of the outer, and older, loops in the system indicates 
that dislocation climb took place during the quench, and that the climb 
was of the type to be expected if the crystal contained a supersaturation of 
vacancies. 


P.M. 2F 
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2.2. Dislocation Loops Ee 

Examination of the annealed and quenched crystals by Hat bet T 1 m 
showed the dislocation density to be relatively low (~ 10°/ em ) A e 
these dislocations were loosely organized into walls, giving a s: y we 
cellular appearance. The interiors of the cells were relatively free z id 
dislocations, but contained a uniform distribution of small («1 n) is nite 
particles, which were presumably barium chloride precipitates. n 5o 
the walls were found numbers of circular and elliptical loops, fig. 2, v d 
varied from 5 p to 25 p in diameter, and contained discontinuities, € i 
| as an absence or as a thickening in the density of decoration at places pi ere 
the loop became approximately parallel to the [100] and [010] g ton 
(taking the convention that the plane of observation is (001) and the 
direction of observation [001]). The plane of any individual loop lay at 
some small angle to (001), with a diameter parallel to either [100] or 
[010] as the axis of rotation. 

Figure 3 shows the interaction of one such loop with a system of small 
prismatic loops emanating from a white particle (presumably) of barium 
chloride. Jones and Mitchell have shown that the only reasonable choice 
of Burgers vector for the prismatic loops is (in this case) 3a[101], parallel 
to the axis of the helix. The Burgers vector of the large loop must also 
be the same, and since the axis of the helix does not lie in the plane of the 
large loop, neither does the Burgers vector. Figure 4 is a sketch showing 
eer M disposition of the axis of the helix and the plane of the large loop, as it 
"would be seen along [010]. 

We may account for the properties of the loops so far described by adopt- 
Ej ing the hypothesis that prismatic loops may be elongated along their slip 
= cylinder by the action of an external shearing force. Kear and Pratt 
(1959) have shown that (except near the edges) a cooling sodium chloride 
cleavage block develops tensile stresses in planes parallel to the surfaces 
and compressive stresses perpendicular to them, fig. 5 (a). 
particular (001) surface, these stresses can be resolved into shears along the 
four [110] directions which intersect the surface, fig. 5 (b). The shear 
Stress along one such direction has the correct sense to rotate a prismatic 
IoopEE lane parallel to (001) if the Burgers vector of the loop lies in 

direction, and the loop is negative, fig. 5(c). The] ld 
ined in this position by the precipitati RD On 

Bate eae On by the precipitation of barium chloride 


Now, for any 


ition the two sides of the loop would have screw 
homas Whela: d Ameli 
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Fig. 5 
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[IO [O 

(c 


Ce) AM 
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The stresses in a cooling prism of sodium chloride. (a) tensile and compressive 
stresses parallel and perpendicular to the prism faces ; (b) (010) section 
through the prism showing the resolution of the stresses into shears along 
[110] (after Cottrell) ; (c) the rotation of a negative prismatic loop about 
[010] by the stress system shown in (5). 


Loop, showing climb in one segment ( x 1500). 


292 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


2c ie Harvey on 
440 K. B. Harvey 


(001), only four would result 


: : wers vectors intersect 
dislocations whose Burgers Dose stre atthe 


in a reduction either of the strain or of the core energy. 

type: 

i ) ajog01]a[2[I0T]] O — 

) a[2(101]--a[2[101] > a[001] 

3) a[2[101] - a|2[101] > a[100] 
) aj2[101] +4]? 


(a) (b) 


Loop, showing climb in one segment. The photogr i b slight 
„sh à ? graphs are taken at slightly 
different levels in the erystal, showing that the rotation diameter of d 
loop and the segment containing climb are perpendieular ( x 1500) 


(1) represents the external contact of two loo 
vector, with the destruction of both dislocations at the point of contact ; 
an example is shown in fig. 8 (a) ; (2) and (3) represent the external 
contact of one loop with either the outside or inside of the other, with the 
formation of a common length of dislocation ; fig. 8 (D) isan sarpe of the 
external contact of two such loops. Bartlett and Mitchell (1960) have 
observed this reaction, leading to a reduction in core energy, in silver 


chloride. Figure 8(c) is an example of : à 
distinguished from an internal 7 m (d eh was 


the axes of rotation of the lo 
cases the axes should be, and 


ps having the same Burgers 


were, parallel.) 
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If two loops with the same Burgers vector overlapped considerably 
they were observed to form a two-lobed loop with a smaller loop inside 
*ormed by the remaining segments of dislocation, fig. 9. Using a micro- 
scope objective with a very small depth of focus, the small loop was found 
>ò be rotated out of the plane defined by the large loops, fig. 10. This 

uld follow from the hypothesis above. 

‘The force tending to rotate a loop should increase with the size of the 
> while the restoring force, due to the dislocation line tension, remains 
ant. Fora given shear stress the angle with respect to (001) at which 
a loop should reach equilibrium should then vary with the size of the loop. 
The smaller loop in fig. 10, once formed, would be in equilibrium in a 
different plane to that of the large loop, and therefore rotate out of the 
plane of the large loop. 


2.3. Origin of the Dislocation Loops 

The dislocation loops described above appear to be formed from existing 
dislocations rather than by homogeneous nucleation. The dislocation 
lines found in the crystal were, in general, curved and lying in no particular 
plane or direction. However, many were found to have developed sudden 
small bulges, the planes of which lay close to (001), fig. 11 (a). This is 
thought to be the first stage in the operation of a climb source for disloca- 
tion loops of the type described by Bardeen and Herring (1952). Figure 
11 (b) and (c) shows what are thought to be sources at a later stage in their 
development. Figure 11 (c) is a composite made by photographing the 
source and the loop individually, since they were separated slightly along 
[T01]. 

As both the sources and the loops associated with them show the same 
irregularities in decoration as do the isolated loops and other phenomena, 
it is reasonable to suppose that the dislocations comprising the sources 
are of the same type as those comprising the isolated loops, and will be 
similarly affected by the cooling stresses in the crystal. Therefore, 
whereas the source would operate undisturbed in a (110) plane, that being 
the climb plane in sodium chloride, the source is now constrained to operate 
with (001) as the apparent climb plane. In this new position, the Burgers 
vector of the source and loop is not perpendicular to their plane, so that 
there is a repulsive force between them, and the loops should then glide 
away from the source as completed. 

Inno case was anything resembling a pivot point for the source observed. 


$3. DISCUSSION 


The observation of dislocation climb by the erosion of extra lattice 
planes is some evidence for the existence of associated pairs of vacancies 
(Seitz 1946) in this system. Although there is sufficient divalent barium 
to prevent the formation of any isolated thermal vacancies, the presence 
of pairs is not forbidden (Lidiard 1957). On the basis of density measure- 
ments (Harvey 1959) it is estimated that the fractional equilibrium 
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Fig. 8 


| 
| 
| 


(a) m i e" B with the same Burgers vector (x1500) ; (b) inter- 
C ned Ape by the reaction a/2[101]-- a/2[101]—-a[001] (x 1500) ; 
(x 1500). ps by the reaction aj? [101]-- a/2[0T1T]—a/2[110] 
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concentration of vacancy-pairs at 650?c is 1-3 x 10-4, which is more than 
enough to account for the climb observed. As an alternative to the 
presence of thermal vacancy-pairs, a mechanism to generate dislocation 
o'imb from the precipitation of barium chloride seems unlikely since (1) 
sariam chloride particles are observed to be centres of compressive stress 

3 3) and are therefore unlikely to release vacancies, and (2) if climb were 

‘© driven directly by the precipitation, then one might expect to see a 
of precipitate particles behind each dislocation, as was observed 
b; Amelinckx (1957 b) in sodium chloride-silver chloride. 

ork, both by Amelinckx (1957 b) and by Bontinck (1957), also seems 
to snow the influence of cooling stresses on the attitude of dislocation loops. 
In sodium chloride decorated with sodium, Amelinckx observed loops and 
some of the loop-loop reactions described above. Moreover, in one 
instance he noted that, in climbing, à loop appeared to have rotated about 
a diameter. His loops, however, lay most frequently in the (110) planes, 
and occasionally in (100). This difference may be accounted for by the 
relatively slow cooling of the large crystal used in the Rexer method of 
decoration compared with the quenching of the small specimens used here, 

and the consequently smaller thermal and mechanical gradients. 

Bontinck observed loops in calcium fluoride, in which the slip direction 
was again [110], but the (cleavage) plane of observation was (111). Loops 
30 in diameter were observed to be completely in focus when viewed 
down [111]. This suggests that here also the cooling stresses parallel 
and perpendicular to the (111) surface were resolved into shears along the 
three [110] directions which intersect the surface, and rotated suitable 
negative prismatic loops towards the plane of the surface. 

The observation by Thomas and Whelan of elongated prismatic loops 
in aluminium -copper foils suggests that the reorientation of dislocation 
loops by quenching stresses may be a widespread phenomenon, although 
Westmacott et al. (1962) have recently described an alternative mechanism 
for the production of loops in this orientation. 

The appearance of the dislocation sources gives Support to the views 
of Kuhlmann-Wilsdorf et al. (1962) that a dislocation can climb easily only 
in one (climb) plane, and that the act of moving out of this orientation may 
provide sufficient pinning to serve as a pivot point for the source. 

It is difficult to estimate whether these sources are the major generators 
of the dislocation loops observed since the loops, once formed, can glide 
away so that the source itself would then usually tend to be isolated, and 
inconspicuous. 


§ 4. SUMMARY AND CONCLUSIONS 


Dislocation climb and the formation of dislocation loops haye been 
observed in the sodium chloride-barium chloride mixed crystal system. 
The direction of the dislocation climb, and the conditions under which it 
occurs, are consistent with the presence and precipitation of thermal 
vacancy-pairs in the crystal. The appearance, behaviour and reactions 
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Fig. 9 | 
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Interaction, with a large overlap, of two loops with the same Burgers | 

veetor ( x 1500). | 

ji 

Fig. 10 | 

| 

| 

| | 

| | 

| | 

| | 


The inner loop does notilie in the plane of the outer loop (x 


2000). 
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(c) 
(a) curved dislocation, showing climb at one point (x 2000) 


having completed one loop (x 1500); (c) climb source, having almost 
completed second loop ( x 1500). 


(b) climb source, 
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| of the dislocation loops are explicable in terms of the loops being negative 
| prismatie, and affected by the mechanical stresses present in a cooling 
erystal. The formation of the loops is consistent with the idea of she 
Bardeen-Herring climb of dislocations driven by a supersaturatio- of 
vacancies in a cooling crystal, but with the plane of the climb moc:-sq 
by the mechanical stresses. 
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{012} Loops in Face-centred Cubic Metals 


By M. J. MaxrN and B. Hupson 
Metallurgy Division, A.E.R.E., Harwell, Berks. 


(Received 1 December 1962] 


ABSTRACT 


Analysis of the ery: stallography of the Boralleloare am- shaped loops observed 
by electron microscopy in quenched aluminium 1% magnesium reveals that 
these loops lie on (012) planes, and have sides along <312> directions. The 
Burgers vector of the loop dislocation is (a/2)<110> and lies 18° from the pole 
of the loop. The point defects forming the loop lie on three adjacent {012} 
planes and the number per unit area is greater than on a (111) plane (2-69/a?, 
cf. 2-31/a?, where a is the lattice constant). This type of loop is not confined 
to quenched aluminium, having also been observed in platinum. 

The loops can form from hexagonal {111} loops by the elimination of the 
pure edge sides, followed by rotation of the remaining sides on two {111} 
slip planes to the {012}<312> configuration. Presumably dissociation into 
partial dislocations confines movement to these planes. The energy of the 
loops is discussed. 


$1. INTRODUCTION 


Numerous references exist in the literature to the observation of defect 
clusters in quenched or irradiated face-centred cubic metals. ‘These 
clusters take the general form of either dislocation loops, as in quenched 
aluminium (Hirsch ef al. 1958), or stacking-fault tetrahedra as in gold 
(Sileox and Hirsch 1959). In addition several configurations exist among 
the dislocation loops, the principal shapes observed being (v) hexagons, 
(b) circles (these of course appear as ellipses when lying at an angle to the 
foil) and (c) parallelograms. Hexagonal loops have been observed 
principally in quenched aluminium and its alloys. Circular loops occur in 
quenched and fission fragment bombarded aluminium and neutron 
irradiated copper. Parallelogram loops occur in quenched, alpha-particle 
and fission fragment bombarded aluminium and in «-bombarded platinum. 
Hitherto, apart from the hexagonal loops, where the geometry of the face- 
centred cubic lattice leaves little doubt that these loops lie on {111} planes 
and have (110) edges, comparatively little effort has been devoted to 
determining the plane of the loops. This is particularly true of the paral- 
lelogram loops which, despite the fact that they have been used to illustrate 
various points (including the determination of whether they are interstitial 
or vacancy), have always been thought to lie on {110} planes on no very 
clear evidence. The suggestion has also been made by Ku nann- 
Wilsdorf and Wilsdorf (1960) that ‘diamond ` shaped QU lying : on , (110) 
planes have sides along (112) directions. 
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In the present work the precise crystallography of these loops is deter- 
mined and it is shown that the great majority do not lie on {110} planes, 
The need for this arose when the analysis of the sense of these loops i 
quenched aluminium (Hudson and Makin 1963) yielded occasional in 
stitial results when it was assumed that they lay on {110} planes. 


$2. ExPERIMENTAL DETAILS 


The number and size of the loops formed in aluminium on quenche: is 
sensitive to the purity of the metal and it is known that large well-desnod 
loops are formed in Al-195 Mg (Westmacott et al. 1961). Foils of tiis 
material were quenched from 600°c into silicone oil at room temperature 
and in some cases the resulting loops were coarsened by annealing at 175°c 
for5min. Specimens were prepared by electropolishing in a 20% perchloric 
acid solution in methanol at 0°c and examined in a Siemens Elmiskop I 
electron microscope. The photographs are in every case printed emulsion 
up to obviate the inversion which otherwise occurs. 


$3. Loop CRYSTALLOGRAPHY 
A typical area showing a considerable number of parallelogram loops is 
shown in fig. 1 (a) and (b) in two positions of diffraction contrast correspond- 
ing to opposite sides of the dark band formed by reflection from the (010) 
planes. It will be noted that between these photographs the diffraction 
(d ntrast has changed from one side of the dislocation to the other in accor- 


ncipal 


Fig. 1 


(a) and. (b) Typical area showing geometrically similar pe 
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Fig. 1 (continued) 


in opposite diffraction contrast (loops 1 and 2) ; 
and 7) and parallelogram loops out of contrast (1 
of fig. 1 (a) and (b) showing the crystal orientation 
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diffracted beam (Hirsch et al. 1960). In both photographs the angle ¢ 
between the electron beam and the reflecting plane is greater than the Bragg 
angle 0. 

The orientation of the crystal lattice of the area and the g vectors were 
determined from transmission diffraction photographs of the same arsa, 
allowance being made for the rotations and inversion which occurs betwssn 
the diffraction pattern and the image (Groves and Whelan 1962). A 
stereographic projection of the crystal lattice and the position of 5:e 
appropriate g vectors is shown in fig. 1 (c). The photographs conis: c 
large number of parallelogram-shaped loops in good contrast and tiss 
appear to be in two sets, those in which in fig. 1 (a) the contrast is outs 
i.e. loops (1) and those in which it is inside, i.e. loops (2). The sides of these 
two sets of loops appear to be almost, but not quite, parallel. There are 
also a considerable number of loops lying on edge in the foil, i.e. parallel to 
the electron beam. The poles of these loops must be close to the edge of 
the stereogram. Examination of the photographs shows that there are 
several sets of such loops on edge, the loops in each set being parallel. 
Plotting the poles of some of these sets gives the results labelled pole 4, 5, 6 
and 7 in fig. 1 (6). _ Three of these poles are very close to or coincident 
with (012) directions, indicating that these loops lie on {012} planes. 
The fourth loop (pole 6) lies on the (110) plane. Other loops on edge 
lying on (110) and (120) planes are also visible in fig. 1 (a). 

The loop plane can also be deduced from the loops observed as parallelo- 
grams. ‘The direction of the sides, as seen in the photographs, are of ; 
only the projection in the horizontal plane (i.e. per eee si E VUE 
beam) of the actual sides but a line throu Mem p cotton 


parallel to the projected directions must 
the sides. 


on and the other is 

Both [321] and [321] lie 
the same type as the poles 
his is the loop plane. The 
those of 1, are closest to 
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and (012) planes symmetrically tilted on opposite sides of [001] and have 
different Burgers vectors, then one would be forced to the conclusion that 
both interstitial and vacancy loops co-exist in quenched aluminium. The 
sevse of the loops cannot be determined from fig. 1 (a) and (b) alone, since 
555 not known whether the pole labelled [012] is in the position shown or is 

7"imetrieally opposite the centre of the stereogram. This arises because 
1515 possible to index the stereogram such that the [001] appears instead of 
1501]. To determine the actual position of the loops it is necessary to 
observe their shape change after a large angle of tilt. 

“urther evidence about the loops is provided by loops 3, which are out of 
contrast in fig. 1 (a) and (b) but are just visible on the original photographs. 
‘These loops are different in shape from 1 and 2. From the stereogram it is 
clear that the sides of loop 3 are [231] and either [231] or [231]. [231] 
and [231] lie on the (102) plane and hence the pole must be [102]. 
In this case, however, the loop is out of contrast (g and b are perpendicular) 
and hence of the (110) vectors, only [101] and [101]are possible. Of these 
[101] is only 18° from the loop pole whereas [101] is 72°. It seems 
reasonable therefore that [101] will be preferred. 

To prove conclusively that the parallelogram loops lie on {012} planes and 
have (312) sides it is necessary to obtain photographs of the same loop 
before and after tilting. Figure 2 (a) shows an area containing parallelo- 
gram loops and loops on edge ; the stereogram of the crystal orientation in 
this position is given in fig. 2(c). The diffraction vectors g, and g, are 
along [100] and [121] directions respectively. Figure 2(b) is the same 
area after a tilt of 30° about the axis and in the direction shown in 2 (c). 
This tilt is obtained by removing the specimen from the microscope and 
replacing it between accurately ground split cooling rings. It will be 
noticed that loops 1, which are on edge in 2 (a), become parallelogram loops 
in 2(b). The pole of 1 is [120] and hence these loops must lie on the (120) 
plane. The actual direction of the sides can also be unambiguously 
determined from the points of coincidence of the projection of the loop sides 
measured in fig. 2 (a) and (b) after correcting those taken from 2(b) for 
the 30° rotation. This is shown plotted in the stereogram where the line 
marked D is taken from fig. 2 (a) and Mand N from 2(b). Rotating M and 
N 30° about the tilt axis in the correct direction so as to return to the 
orientation of fig. 2 (a) gives the curved lines M' and N'. "These intersect 
D at points almost coincident with [213] and [213]. "These directions lie 
on the (120) plane and are the loop sides. The Burgers vector of the loop 
cannot be along [011] or [011] since the loop is in contrast in fig. 2 (0): 
and similarly cannot be along [101] since it is also in contrast in fig. 2 (b). 
The only remaining (110) directions are therefore [110], [110] and [101]. 
Of these [101] and [110] are 72? from the loop pole while [110] is only 18° 
away and will therefore be preferred. Proof of the precise direction of the 
Burgers vector of these parallelogram loops is given by loops 2 and 3 in 
fig. 2(a) and (b). Loops 2 are out of contrast in fig. 2(b), whereas the 
geometrically similar loops 3 are in contrast. The only (110) direction 
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perpendicular to g; [121] is [101] and hence loop 2 has this vector. Loops 
2 and 3 lie on either the (102) or (102) plane and plotting the direction of the 
sides shows that loop 3 lies on (102). Since loops 2 and 3 are in opposite 
contrast loop 2 must lie on (102) and we have shown that its Burgers vector 
is [101], i.e. the (110) direction 18? from the loop pole. 

The crystallography of the parallelogram loops is now clear, they 75 on 
(012) planes and their sides lie along the two (312) directions whic:. . ie in 
the loop plane. The angle between these two directions is 73^. ‘The 
Burgers vector of these loops is along the (110) direction 18° from tev sole 
of the loop. It can be seen from fig. 2 that the loops examined cle 
not lie on {110} planes with (112) sides. In all a total of 18 sets of paral- 
lelogram loops have been analysed, all of which lay on {012} planes with 
(312) sides. In addition a large number of individual loops have been 
analysed in many different photographs and it has been found that these lie 
predominantly in three configurations : 

(a) Hexagonal loops on {111} planes. 

(b) Circular loops on {110} planes. 

(c) Parallelogram loops on {012} planes. 
It is estimated that these three configurations account for all but 1 or 2% 
of the loops in the specimens examined. 

The {012} loops are prismatic in character. Referri g 
1, which lies on (012), has sides along [321], [321 dec to fg. 1 (o), bog 
MN ie e dislocation live lee cathe Iis a Burgers vector 
aloni > 21] dislocation line lies on the (1 11) slip plane and the 


Fig. 2 
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Tilt axis 


loop 175, in 
30° 120 ite) UP / down 


Tilt axis 


(a) and (b) Photographs of loops (a) before and (b) aft g- Loops 1, 
which are on edge in (a), became parallelograms after 30° tilt. Loops 2 


are invisible in (b), whereas geometrically si 
contrast. ) 
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The direction of the Burgers vector of the loop, 
1) and (111) planes and hence the loop is 
ong [011] without alteration in shape. 


[321] dislocation on (111). 

| [011], is common to both the (11 

| capable of conservative glide al 
This is shown in fig. 3. 

Fig. 3 


Diagram illustrating the perfectly prismatic character of {012} loops. 


$4. AToM Posrrroxs IN {012} Loops 
In fig. 4 the atom positions are shown on the (001) face of a face-centred 
cubic structure. The dots correspond to atoms on the face and the crosses 
to atoms displaced perpendicular to the paper by half a lattice spacing. 
The crystal is comprised, of course, of rows of atoms one lattice spacing 
apart ext nding perpendicular to the diagram through the positions shown. 
parti. plane is relatively sparsely populated with atoms and 
S 1 d a Burgers vector which will enable one plane to be 
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The (312) direction along which the dislocations lie is comprised of 
thres coplanar, (2/2) (110) sections i.e. : 


a a a a 
= ois e 
z H123]= 5 [0ll]+ 5 (101]+ Spo}. . . - - Q) 
‘Thos: directions all lie on (111) plane. 
Fig. 4 
e + . + . E . t e + . + 
* + . ie . t . . + ° + e 
Gin 
r r 
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e + . * ° * e eG © + O * e 
ZU 
* e + ° e e^ e 2 + t 
Pd 
qq e 
SEE 3 cw er MUI TU : 
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The atom positions on the (001) face of a face-centred cubic metal. The atoms 
shown. as crosses are displaced relative to those shown as dots by half a 
lattice spacing perpendicular to the paper. 


§ 5. GEOMETRICAL FORMATION oF {012} Loops 


Two possibilities exist whereby {012} loops could form. Condensation 
of point defects may occur directly onto this plane or alternatively loops 
formed on another plane may rotate into this configuration to reduce their 
energy. It is not possible to decide definitely between these two possibili- 
ties but a geometrical mechanism does exist whereby loops formed on {111} 
planes can rotate onto the {012} plane. 

This is illustrated in fig. 5. Suppose that defects condense to form & 
hexagonal loop lying on the (111) plane (labelled A). ‘The directions of 
the sides of this loop are [110], B, [011], C, and [101], D. After shearing, 
this loop can have one of three possible Burgers vectors, [110], [101] or 
[011] ; let us choose [110] (exactly equivalent arguments can be used for 


262 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


a --———— 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


456 M. J. Makin and B. Hudson on ce | » 


the other vectors). With a vector along [110] the loop sides along [110] 
are pure edge, whereas those along [011] and [I01]are mixed edge and screw 
dislocations. If the loop redistributes its defects to largely eliminate 
the pure edge sides it becomes diamond shaped and can rotate by a slip 
mechanism. This can occur because the [101] sides lie on the (111) stip 
plane and the [011] sides on the (T11) plane and the Burgers vector of the 
loop, [110], is the line of intersection of these two slip planes. For examine, 
in fig. 5 the loop can rotate so that it is more nearly perpendicular to 2s 
Burgers vector by the sides C and D rotating in the direction of the arrows 
towards [112] and [112] respectively. 
Tt will be noticed that the (111) and (111) slip planes each contain two | 
(312) directions. The usual {012} configuration is formed by the loop 
sides lying on opposite pairs of these directions, i.e. [123] and [123] sides 
form a (210) loop and [213] and [213] form a (120) loop. 
Fig. 5 - 


io 
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Further evidence for this mechanism of loop formation is given by the 
occasional observation of individual loops with (312) sides but lying on 
{231} planes. It can be seen from fig. 5 that these are formed when the sides 
lic asiong [123] and [213] [(331) loop] or [213] and [123], [(331) loop]. 
‘iso very occasionally loops are observed on the {110} plane with sides 
song (112) directions. 


$6. ENERGY or Loops 


xisving established the geometry of the {012} loops and suggested a 
od whereby they could form from (111) loops it remains to show that 
rergetically the process is feasible. 

The Burgers vector of all the {111}, {110} and {012} loops is the same, 
(a/2)(110), so that differences in energy will arise only from the detailed 
nature of the dislocation configuration, i.e. the line length, erystal direction, 
plane, proportion of edge and screw components etc. 

Unfortunately, detailed caleulations of the energy of parallelogram 
(012) and (110) loops have not yet been made ; the energy of circular 
(110! loops and hexagonal (111) loops being the only relevant cases worked 
out. Franz and Kroener (1955) calculate the energy of a circular loop with 
a normal Burgers vector as : 


pb? r 
Ta E A 

where r is the loop radius, b is the Burgers vector, v Poisson's ratio, wis the 
shear modulus and Z is a numerical quantity which is approximately 
1-8 (Schoek and Tiller 1960). Applying this, a (110) loop containing 104 
vacancies has an energy of 333ev in aluminium (r=1-37 x 10-5em; 
b= 2:89 x 10-9? cm, u= 2:65 x 10H c.g.s., v= 0-34). 

Yoffe (1960) has caleulated that the energy of a hexagonal (111) loop 
with an (a/2)(110) Burgers vector is : 


v\ Cub? 0-99R 
B= (1 ener | 59 
where C is the circumference of the hexagon and R is the radius of the 
inscribed circle. Applying this, a (111) loop containing 104 vacancies has 
an energy of 455ev. Clearly, therefore, circular (110) loops have & lower 
energy than hexagonal (111) loops. 

In the absence of a proper calculation of the energy of parallelogram 
{102} and {110} loops an approximate estimate of their energy relative to & 
hexagonal {111} loop has been made by evaluating the total elastic energy 
of the dislocations forming the loops. Thisignores, of course, the cancelling 
of the stress fields which occurs at large distances from the loop and 1s 
clearly an overestimate of the loop energy. Since loops are being compared, 
however, the relative values of the energy may not be too inaccurate. 
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Using the formula given by Cottrell (1953) for the energy of a mixed 
dislocation : 


2 " 

H= BE In 2) [1 — v cos? 0], 
4m(l—v) Wo 

where @ is the angle between the dislocation line and the Burgers vector, 

the energy of a {111} loop containing n defects is 2-320 mak, where ais 75e 


lattice constant and F is 
pb oan Us a 
4m(l—v) Wo 


The corresponding energy of a parallelogram {110} loop is 2:448n!?a. and 
that of an {012} loop is 2-462m!?aP. This calculation suggests that (111) 
loops have an energy ~ 6% lower than {012} loops but that the energies of 
parallelogram {012} and {110} loops differ by lessthan1%. The calculation 
clearly does not show why the {012} configuration is so common. The 
small energy difference occurs because the decrease in energy per unit length 
of the loop sides on rotating towards the screw orientation is just offset by 
the increase in length of the sides. 

Various factors have been omitted in the calculation, however, which will 
affect the final loop energy. Probably the most important of these is the 
effect of the dissociation of the loop sides into partial dislocations in the 
{111} slip planes. Both {012} and {110} loops can dissociate completely, 
no constrictions being required at the loop corners, the two partial loops 
being joined at each corner by a stair-rod dislocation. For a {111} loop 
however, four of the corners must be constricted because the loop Gore 
lie completely on a glide cylinder of (111) planes parallel to the Burgers 
Vor dun s of these constrictions may be sufficient to make the 

agona i i ' 
fale Psy. } configuration metastable in a material of low stacking- 
The reason for the | i A E 
difficult to explain ELA pm om ile than on {110} is 
PRA : at the elastic interactions bet 
opposite sides of the loop favour the {01 2} Mee: 
plane but calculati i i 
asquare loop asa model, shows that the effectis negligible 5 Fi ae a Den 
Another possibility is that ^ s g nd can beignored. 
ENT y the dislocation core ener l 1 
directions than in (112) directions. While the Be eee oY 
dislocation is only about 10% of the total aa acd 7 an isolated 
n > ative i 
ince much of the elastic strain is cancelled b ORE 
NOSE pre ancelled by the opposite 
maese circumstances it is possible that the core energy 


r between the {110} and {012} configurations, although 
T. 
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loops have been observed surrounding precipitate particles in quenched 
aluminium by Westmacott et al. (1962), and Embury and Nicholson (1962), 
and clearly all these loops are related to those described in this paper. 
Analysis of the photographs published by Westmacott et al. shows that 
in every case the concentric loops could have formed by the rotation 
raschanism described in this paper. In addition the characteristic ‘open’ 
cnis of parallelogram loops in outside contrast, e.g. loops 1 in fig. 1 (a), 
“ow that the Burgers vectors of the concentric loops do not always 

Sovnate, as the authors claim. 

zsrallelogram loops are not confined to aluminium.  Ruedl ef al. (1962) 
r photographs of alpha-particle irradiated platinum which clearly 
tain parallelogram loops (e.g. their fig. 9). The sides of the hexagonal 
loops visible in this photograph enables the crystal orientation to be deter- 
mined and analysis of the parallelogram loops show that in this metal too 
loops occur on {012} planes with (312) sides. 


$8. SUMMARY AND CONCLUSIONS 


It has been shown that nearly all the parallelogram loops observed in 
quenched aluminium-19/, magnesium lie on (012) planes with. (312) sides, 
and not on (110) planes as previously assumed. The Burgers vector of the 
(012) loops is of the (a/2) (110) type lying 18° from the pole of the loop. 
Geometrically the loops consist of three adjacent (012) planes, and the 
packing of the defects is greater than on the (111) plane. The loops are 
perfectly prismatic in character, the two (312) directions of the sides lying 
in two (111) slip planes, the line of intersection of which is the direction of 
the Burgers vector of the loop. In addition to aluminium and aluminium- 
magnesium alloys the loops have also been identified in platinum. They 
are expected to occur commonly in other face centred cubie metals and 
alloys, particularly when the stacking fault energy is low. 
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ABSTRACT 


A single relationship was found between the magnitude (at a standard 
temperature) and the temperature-dependence of the flow stress after deforma- 
tion at 173, 293 and 373?x. After equal strains at different temperatures the 
flow stresses were also simply related. "These observations suggest that the 
“mechanical equation of state’ fails because deformation at higher tem- 
peratures produces fewer obstacles to glide, rather than because of a tem- 
perature-dependent softening process (dynamic recovery). 


$1. INTRODUCTION 


Tue ‘reversible ’ change in flow stress with temperature has been widely 
used as an indication of the range of interaction between gliding dis- 
locations and the obstacles to their motion responsible for strain-hardening 
(e.g. Cottrell and Stokes 1955, Basinski 1959). However, little attention 
has been given to the ‘ irreversible ' differences in flow stress observed when 
flow stresses are compared at a common temperature after equal strains at 
different temperatures of deformation. Because the range of interaction 
with gliding dislocations is characteristic of the obstacle, the reversible 
change in flow stress may be used experimentally to determine whether 
the obstacles produced during deformation at different temperatures 
differ in scale of arrangement or in type; either could be responsible for the 
irreversible differences. 

For polycrystalline copper, the present authors (Bullen and Hutchison 
1962) found systematic variations in both reversible and irreversible 
differences with the amount and temperature of deformation. The 
nature of these variations suggested that the irreversible differences 
arose from a softening process dependent on both strain and temperature 
(dynamic recovery). However, work reported herein on the temperature- 
dependence of the flow stress, both in isothermal tests and those in 
which the temperature is changed after deformation, does not support 
this interpretation. 


+ Temporarily seconded to the Department of Metallurgy, University of 
Sheffield. Ses 
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$2. EXPERIMENTAL DETAILS 


Polycrystalline copper was used to avoid the difficulty of obtaining 
numerous single crystals of sufficient reproducibility to study the irrevers- 
ible differences in flow stress. Experimental details are as described by 
Bullen and Hutchison (1962); for reasons given therein all unleacing 
yield points were removed by extrapolation. 

A separate batch of specimens was used for tests at 4:2°K, so that a: 
results may not be strictly comparable to those obtained at i) rer 

| temperatures. Tests at 373^k and 473°K were stopped wher: <he 
| load/elongation curve became parallel to the elongation axis (ie. a; ne 

position of maximum load), so that flow stresses at large strain were ot 
| determined at these temperatures. 
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§ 3. EXPERIMENTAL OBSERVATIONS 


Isothermal tests at several temperatures of deformation show that, at 
' given strain, the relationship between flow stress and temperature of 
aation is approximately linear (fig. 1). At 4-2°x, the load/elongation 
re became discontinuous after about 20% elongation so that values of 
tress at larger strain are of doubtful E the discontinuities 


weve probably due to twinning (Blewitt et al. 1957). 


Fig. 2 


o 


SLOPE p.s.i. / *K 


o o 20 o 
‘= STRAING o/s : 


The slopes of the flow stress/temperature lines (fig. 1) plotted against the strain. 


The slopes of the flow stress/temperature lines in fig. 1 are approximately 

proportional to strain (fig. 2), giving relations: 

uc EE scs (1) 
and 

0520,—c. T Hu .. (8) 
between the hypothetical flow stress (og) and rate of strain-hardening 
(0,) after a strain e at 0^x and the flow stress (op) and rate of strain- 
hardening (0,) after the same strain at T°K; cis a constant given by the 
slope of the line in fig. 2. The hypothetical stress/strain relationship at 

°k (obtained by extrapolation in fig. 1) should indicate how the deforma- 

tion processes operative at higher temperatures would behave in the 
absence of thermal activation. 

Both reversible and irreversible differences are incorporated in fig. 1 
because the flow stresses were measured at the temperatures of deforma- 
tion. Changing the temperature after deformation shows the reversible 
change as a linear increase in flow stress with decreasing temperature 
(fig. 3). As reported previously (Bullen and Hutchison 1962), the 
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fferences at any temperature vary in an approximately 


mde f deformation; this 


linear manner with the amount and temperature ot d zc 
can also be shown by comparing the slopes of the lines in figs. 1 and 3. 


Fig. 3 


EE eae 7 T 


TRUE FLOW STRESS p.s.i.x IO * 


100 200 300 
TEMPERATURE (T °K) 
The variation of flow stress with temperature after 16-7% strain. The solid 


refer to the flow stresses measured at the temperatures of defor- 


one and dotted lines show the variations of these flow 


vemperature is reduced after deformation (unloadi 
gen emoved by extrapolation). ( ) oading 


VP 


400 500 
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temperatures, is not acceptable because the flow stresses (op) were 
measured at the temperatures of deformation. A different relationship is 
found when the flow stresses are measured at a standard temperature. 
Figure 4 shows that after deformation at 173°, 293° and 373°K the types 
of hardening are the same when the degrees of hardening (i.e. the magnituds 
of the flow stresses at a standard temperature) are the same, as suggested. 
by Sylwestrowicz (1958). Figure 4 also shows that this holds for differe: 
standard temperatures. Flow stresses at 0°K were calculated assuming © 
continuous linear increase in flow stress with decreasing temperature 
(fig. 3) down to 0°K. 


$4. DISCUSSION 


The non-linearity of the curves in fig. 4 shows that the ' Cottrell- 
Stokes ratio’ (Cottrell and Stokes 1955) varies with deformation in 
polycrystalline copper. The ratio would be constant if strain-hardening 
arose from one type of obstacle having both long-range and short-range 
interactions with dislocations, and if increases in hardening resulted 
solely from increases in the density of these obstacles. Hence a variation 
in the ratio with increasing strain suggests a change in the type of obstacles 
formed at different stages of the deformation. 

The coincidence of the curves (for deformation at different temperatures) 
in fig. 4 means that the same sequence in the type of obstacle formed is 
followed during deformation at different temperatures, and that the 
progression of the sequence is determined by the dere of hardeni 

(flow stress at standard temperature). At first sight thi p 

the obstacles are created by the action of the BS doque : nee 

: . , for 
e Ta degree of hardening the stress i applied during deformation 
e M n temperature of deformation (fig. 3). It is therefore 
i oe y at the obstacles are created by the direct action of the 


Long-range interactions bet i i 
ween dislo 
effect) independent of temperature. ee Mo 


(in 
| a (o Hence the coinci i i 
e aon ee if short-range obstacles are (oe eee ae 
E E 5 : ioc uir UE of the flow stress. 
vos npe r : lle-up of dislocati i 
Qu e Piece une planes, the ‘ forest du 
d co e z e magnitude of the stress acting on the pile-u 
I epen: ee of the flow stress). However i 
M r pa l to the simple relationship (eqn. (1)) Bebweon 
stress the same strains at different temperatures, This 


> ung a relationship between flow 
k nN an i ; lenc of | ard ee 
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deereasing long-range interaction from each obstacle as the density of 
obstacles increases. This could arise from the failure of the experimental 


techoique to separate long-range interactions from different sources. 
Cc: sequently, long-range interactions from pre-existing obstacles (such as 
thc constraints from neighbouring grains) would be superimposed on those 
fic obstacles formed during deformation; the contribution from pre- 
e: : obstacles would appear to be ‘ averaged’ over the number of 
obstacles created by deformation. Hence, the effect of the pre-existing 
ois»;eles would decrease as the density of obstacles increased and the 


-Stokes ratio would tend towards the value characteristic of the 
obstacles created by deformation. This would explain why the ratio 
varied rapidly during the initial stages of deformation and then became 
approximately constant (fig. 5, Bullen and Hutchison 1962). 


Fig. 5 


O?K 
FA 
4 o 
—173?K 
Pig 
x AE a— 293?K 
T 3 M 
O B 
© 
x< 
a 
lo} im 
did 


[9) 10 20 30 
STRAIN. “/o 
i i i ture (corrected 
'eversible change in flow stress per degree change in tempera j 
= ioe due SUBE of elastic modulus with temperature) plotted. against 
strain for several temperatures of deformation. 


Overlap of the stress fields of neighbouring obstacles could reduce the 
long-range interactions, but it is doubtful whether a sufficient density 
of obstacles could be reached. In addition, this would vary the ratio 
most at high degrees of hardening, where the ratio is observed as approxi- 
mately constant. 

If we accept the interpretation of fig. 4 in terms of pre-existing obstacles 
and the creation of obstacles of a single type by deformation, some other 
parameter must determine the rate of creation of obstacles. Strain is an 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


468 On Strain-hardening in Polycrystalline Copper 


) important factor in eqn. (1), and fig. 5 shows that at 0°x (i.e. in the absence 
of thermal activation) the temperature-dependent component of the flow 
stress appears to increase linearly with strain. Figure 5 was obtained 
| from figs. 1 and 4; the reversible change in flow stress with temperature 
| was corrected for the change in elastic modulus with temperature Göster 
| 1948). Í TE 
| A linear increase in the number of * short-range obstacles wits: in- 
| creasing strain could arise because a fixed proportion between the amounts 
| of glide on different glide planes is necessary if the (average) chang» in 
shape of individual grains is to conform to the macroscopic change in si 
of the polycrystal. This means that the effective ‘forest’ density in- 
creases linearly with strain. Discussion of the effect of temperature 
(fig. 5) is premature until further experiments are completed, but thermal 
activation may reduce the probability of forming a stable obstacle when 
dislocations intersect. The empirical relationship previously interpreted as 
* dynamic recovery ’ (fig. 3, Bullen and Hutchison 1962) may then measure 
the relative numbers of obstacles formed by strain at different tempera- 
tures. 
ae $5. CONCLUSION 


The type of hardening is determined by the degree of hardening, 
independent of the temperature of deformation (from 173? to 373°x). 
This may occur because only one type of obstacle is created during 
deformation at these temperatures. The similar variations of Cottrell- 
. Stokes ratio with degree of hardening during deformation at different 
temperatures may result from the super-imposition of long-range stress 
fields from pre-existing obstacles, such as the constraint exerted by 
neighbouring grains. 

In the absence of thermal activation, the density of obstacles created 
during deformation apparently increases linearly with strain. The 
. irreversible differences in flow stress occur because fewer costas are 
ere ted by strain at higher temperatures. 
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ABSTRACT 


Single-crystal films of PbS, oriented with (001) parallel to the film plane, 
were prepared by evaporation into rocksalt. They were examined in a 
iransmission electron microscope and were found to contain dislocations of 
three kinds. 

(i) Screw dislocations with long lines approximately parallel to the «110» 
directions in the film plane. 

(ii) Dislocations that took the shortest route through the films and appeared 
as dots. The majority of these had 3a«1105» Burgers vectors and the Burgers 
vectors of the remainder were a<100>. A large fraction of the Burgers vectors 
lay in the film plane. Some of the dislocations were arranged in low-angle 
grain boundaries. 

(iii) Dislocations with lines whose length and orientation suggested that they 
lay in (110) planes inclined at 45? to (001). 

Motion of dislocations that corresponded to the operation of the «1105» {001} 
and<110>{1 10}, slip systems occurred while specimens were under observation. 

Examination of very thin deposits showed that film growth took place by 
the formation, growth and coalescence of faceted nuclei. The lattices of 
nuclei were not always in parallel alignment, so it is probable that dislocations 
were formed in the surfaces on which nuclei coalesced. Holes in almost 
complete films contained a high concentration of dislocations. 


$ 1. INTRODUCTION 

Elleman and Wilman (1948) have shown, using electron diffraction, that 
single-crystal films of PbS ean be prepared by evaporation of the substance 
onto rocksalt. These films have the NaCl structure but, unlike NaCl, 
they do not decompose easily when they are examined in a transmission 

R icroscope. 
E cs E of dislocations that are expected to be stable in 
crystals with the NaCl structure have been listed by Frank and Nicholas 
(1953). They are 1a(110) and a(100). The (110) slip direction is 
preferred by all crystals with the NaCl structure (Gilman 1959), so one 
would expect ja (110) Burgers vectors to be more common than @(100). 
This has been shown to be so for the silver halides (Mitchell 1956), NaCl 
(Amelinckx 1956), KCl (Amelinckx 1958 a) and MgO (Washburn et al. 
1960). The only material in which dislocations with «(100) Burgers 
vectors were observed was KCl. They were present in networks in 
circumstances particularly unfavourable for their dissociation into two 
4a(110) dislocations. 
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The preference for the (110) slip direction seems to be weaker in PbS 
than it is in most other materials with the NaCl structure. Evidence for 
slip along (100) was obtained for galena by Miigge (1914). Thus it is not 
surprising that the films described here contained isolated dislocations 
with a(100) Burgers vectors. 

Most materials with the NaCl structure prefer to slip on {110}, 
Miigge (1898, 1914) and Buerger (1928, 1930) have shown that the prima: 3 
glide plane of PbS is (100). (Impact and pressure figures obtained t7 
Weiss (1877) and Bauer (1882) do at first sight suggest that this may 1.55 
be true. A careful study of these figures was, however, made by Müggs 

(1898, 1914) and he found them consistent with slip on {100}.) 


yes 
[UTER 


$2. EXPERIMENTAL DETAILS 

About half the specimens examined consisted of one single-crystal film. 
(The image contrast that results from dislocations in specimens such as 
these has been treated by Hirsch ef al. (1960).) All films were oriented 
with (001) parallel to their surface and were made by evaporating PbS off a 
tungsten spiral onto the cleavage (i.e. (001)) face of a hot (300°c) NaCl 
crystal. The air pressure in the evaporation chamber was less than 10-4 mm 
of Hg and the rate of PbS deposition was about 104 per second. 
The thicknesses of films ranged from about 50 to 1500 &. Films less than 
200 A thick were strengthened by a carbon coating to enable them to 
span the holes in the specimen carriers. "The PbS was removed from the 
substrate by lowering the combination, PbS side upward, into water. 
The PbS floated off onto the water surface and was caught on copper 
specimen carriers. 
3 m m es ge pomposed of two single-crystal 
s were studied by the moiré fringe 
technique of Hashimoto and Uyeda (1957), Pashley et al. (1957) and Bassett 
et al. (1958). The positioning of one film on top of the ot xs 
in the following way. One coated NaCl cr 
another so that the PbS layers were in contact 
Pus ssec veris d ru out the foon 
ed into water and, after it had been 
immersed for a few seconds, the NaCl crystals were pressed l 
gether to ensure good contact between the PbS films, Aer : NaCl 
had dissolved the double film was caught on a copper grid. ies 


her was done 
ystal was placed on top of 
and the lattice of one crystal 


$3. DESCRIPTION or THE DISLOCATIONS 
A 3.1. Dislocations in Single Films 
; es de M with long lines approximately in the film plane. 

M = on easily seen dislocations and a number of examples 
d n. = in fig. 1. There is a tendeney for their lines to lie 
eee is near to [110] and [110]. The diffraction conditions 
E i locations approximately parallel to one of these direc- 
visible show that they are in approximately screw orientation. 


— 


mM 
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| Micrograph of a PbS film. The irregular long dark lines are dislocations 
| ; E nose in the film plane. The labelled defects are discussed in 
| the text. Magnification 60 000 x. 
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Micrograph in which the long dislocations roughly parallel to [110] are visibl 
but those parallel to [110] are not. Magnification 60 oa : puc 
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If a dislocation is invisible in a region where one strong reflection operates, 
its Burgers vector is parallel to the reflecting plane (Hirsch et al. 1960). 
Figure 2 is a micrograph in which the dislocation lines roughly parailel 
to [110] are visible but most of those along [110] are not. Figure 3 shows 
that (220) were the strongly reflecting planes in the area in fig. 2. Tae 
Burgers vectors of the invisible long dislocations in fig. 2 are thus pav 
to (110). The Burgers vectors of the a (100) and 4a¢110) kinds : 
are parallel to (110) are +a[001] and -3a[110]. The vector [06:  ;s 
parallel, or nearly parallel, to the incident electron beam, so it aiy 
lies in, or nearly in, the reflecting planes. Dislocations with +a[G-1] 


gi 


Fig. 3 


Diffracti bern fr 
iff e Inm a small area which includes fig. 2. Most of the disl 
on ae ORE resulted from the 220 reflection The faint | 
g of t Slocation images in t rer left ion of | : | 
CU T Ga ne ages in the lower left portion of fig. 2 was 


Burgers vectors wi à 
g tors will therefore always be near to the condition for invisi 


bility. Iti P i 
Y. It is clear that the long dislocations in fig. 1, for example, are not 


near this condition 
. Thus, the Burgers vectors of the Invisible dislocations 


roughly parallel to [110] in fig. 2 
oughly > [110] g. 2 are 3a[110] or la[I10]. 7 is i 
x ith ae along [110] must for symmetry reasons i 2 a c e | 
lave burgers vectors + Ja[110]. (The sug B | 
2 D 


a[001] Burgers veetors will alw 


normal to the slip plane we 
S.2and3. Ina region where | 
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the (220) planes were strongly reflecting the dislocations with lines parallel 
to [110] would be visible and those along [110] invisible. The opposite 
could. sot occur.) 


Ths dislocations often moved while they were under observation. 


‘They sometimes moved in the film plane and sometimes were observed to 
:edu sheir length by the escape of part of the line to the surface. Move- 
73er; ua the foil plane corresponded to the operation of the (1105 {001} 
clips yscem. This is the primary slip system of PbS (Mügge 1914, Buerger 
:930,. Figure 4 shows a dislocation arrangement that resulted from 
dislovssion motion in the film plane. The white band in this figure is a 


eracic in the film whose walls are parallel to (010). ‘The dislocations that 
end on the crack have line directions which are approximately normal to 
the crack face. Their lines are thus inclined at about 45° to the directions 


Micrograph that shows the arrangement of long dislocations near a crack XY 
: Magnification 50 000 x. 


preferred by long dislocation lines in regions far from cracks. The 
explanation for this is as follows. When a crack is formed a number of 
dislocations end on its surface. They are attracted to the surface and 
move by glide on (001) under the influence of this attractive force until 
their lines are roughly perpendicular to the crack face. 

The reduction in length of a pure screw dislocation with Burgers vector 
4a[110] (say) is the result of glide to the surface on (110). A dislocation 
which is not pure screw but has a screw component may escape to the 
surface in two ways. 

(i) Glide on (001) to become pure screw followed by glide to the 

surface on (110). 
(ii) A combination of climb and of glide on (110). 
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a region where one strong reflection operates, 
the reflecting plane (Hirsch et al. 1960). 
»e dislocation lines roughly parallel 
Figure 3 shows 
2. The 


Tf a dislocation is invisible in 
its Burgers vector is parallel to 
Figure 2 is a micrograph in which tl 
to [110] are visible but most of those along [1 10] are not. Figu 
that (220) were the strongly reflecting planes in the area in fig. i 
Burgers vectors of the invisible long dislocations in fig. 2 are thus parali 

to (I10) The Burgers vectors of the a{100) and 1a«(110) kinds th: 

are parallel to (110) are x a[001] and +4a{110]. The vector [001] i 

parallel, or nearly parallel, to the incident electron beam, so it alway: 
lies in, or nearly in, the reflecting planes. Dislocations with + a[001; 


Fig. 3 


Diffraction pattern from a small area which includes fig. 2. Most of the dislo- 
cation contrast in fig. 2 resulted from the 220 reflection. The faint 


doubling of the dislocation images in the lower left i : 
M E ages in t er left port 2 was 
due to the 460 reflection. E Iota oi ia 2 su 


Burgers vectors will therefore always be near to the condition for invisi- 
bility. : It is clear that the long dislocations in fig. 1, for example, are not 
near this condition. Thus, the Burgers vectors of the invisible dislocations 
roughly parallel to [110] in fig. 2 are 4a[110] or sa{ 110]. The oe 
with lines along [110] must for symmetry reasons also be of Screw type E 
have Burgers vectors + 3a[110]. (The suggestion that qum with 
a[001] Burgers vectors will always be nearly invisible is not strictly true 
An edge dislocation gives rise to a lattice displacement normal to di sli ) 
ping in addition to the displacement parallel to the Burgers Ear 
Dr. N. Brown (see Howie and W helan 1960) has NET that the 
displacement normal to the slip plane is able to give a high image contrast 
However, if the long dislocations did have a[001] Burgers vectors ol if 
the contrast did result from displacement normal tothe slip plane we 
could not have obtained photographs like figs. 2and 3. Ina tM where 
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1 the (220) planes were Strongly reflecting the dislocations with lines parallel 
T to [110] would be visible and those along [110] invisible. The opposite 
i could not occur.) 
The dislocations often moved while they were under observation. 
“ey sometimes moved in the film plane and sometimes were observed to 
xəduce their length by the escape of part of the line to the surface. Move- 
ment in the foil plane corresponded to the operation of the (110) {001} 
“ip system. This is the primary slip system of PbS (Miigge 1914, Buerger 
1930). Figure 4 shows a dislocation arrangement that resulted from 
| dislocation motion in the film plane. The white band in this figure is a 
| crack in the film whose walls are parallel to (010). The dislocations that 
| end on the crack have line directions which are approximately normal to 
| the crack face. Their lines are thus inclined at about 45? to the directions 


e Fig.4 


Micrograph that shows the arrangement of long dislocations near a crack XY 
5 Magnification 50 000 x . 


preferred by long dislocation lines in regions far from cracks. The 
explanation for this is as follows. When a crack is formed a number of 
dislocations end on its surface. They are attracted to the surface and 
move by glide on (001) under the influence of this attractive force until 
their lines are roughly perpendicular to the crack face. 

The reduction in length of a pure screw dislocation with Burgers vector 
4a[110] (say) is the result of glide to the surface on (110). A dislocation 
which is not pure screw but has a screw component may escape to the 
surface in two ways. 

| (i) Glide on (001) to become pure screw followed by glide to the 
surface on (110). 
j (ii) A combination of climb and of glide on (110). 
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s under observation 


Both of these processes occurred while the specimen wa: : 
In 


are successive micrographs of the same specimen area. 
the time that elapsed between the two micrographs the dislocation ABC 
shortened to DE. This occurred as follows. The tip A of the dislocation 
moved to B and then to C. The motion from A to B must have been a 
combination of climb and glide. The line BD is accurately paralle! to 
[110], so the movement from B to D probably took place by glide on (Gv) 


Figures 5 and 6 


Fig. 6 


Fig. 5 


Tah M : 
Successive micrographs of the same Specimen area which show the shortening 


of a dislocation li ine XY i l 
ud Td The line XY is a crack parallel to [100]. Magnifica- 


imus ghe on ee ECis also parallel to [110] and it is likely that 
ne irom © to E also resulted from cross slip, T] 
of a dislocation with Burgers vector la[1T bun UN 
i ; 2@[110] on (110) is the operati 
Jp me e 1s not usually listed for PbS (Buerger o 
operation under rather i iti 
dude uM = rather special conditions has, however, been 
hoi ee of a few of the long dislocations was not consistent with 
es g urgers vectors of the type 3a (110) which lay in the film 
p ik P ae is the shortening of the dislocation AB in figs. 7, Sand 9 
me es : : e dislocation moved along directions close ta [010]. 
Bare ee UU Eidos (01), (T0) ana (100). Ts 
ae E. T at lie in these planes are a[010], 2a{101], 3a[101] Ja[01 1] 
; ese only a[010] is parallel to the film plane. : 
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Micrographs of the same area. They show the shortening of ; . 
lines: one is labelled AB and the other C. The line XY d 
parallel to [110]. The dotted lines are parallel to [010]. The dee 
in m peor p ed lines from fig. 7 to fig. 9 indicates that the 
ends of the dislocatio: i 
tio 10000x. — didnot move exactly along [010]:  Magnifog. 
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i ^ in fig. 7 
[ li i iti ;hich gave rise to the contrast in fig 
‘he diffraction conditions which g P eoa de 
= : 10) eliminate 1a[101] and $a[101] from ve X v nies 
Bae! act t o line of the dislocation is not (e: a 
ay have. The fact that the eee 
à ee parallel to [010] means that the planes defined by Fd iere à 
aniston line and the possible Burgers vectors are not normal slip planes of 


PbS. 


Fig. 10 


Diffraction pattern from a small area which includes that in fig. 7. The 
pattern was recorded during the period that elapsed between figs. 7 and 8. 
The 240 reflection did not contribute significantly to the contrast of 
dislocation AB in fig. 7, but it did give rise to the double image of the 
dislocation at D. 

3.1.2. Dislocations with lines that take the shortest route through the film 

Micrographs of the films contained numerous small dark dots and some 

examples of them are labelled A in fig. 1. It can be shown that the 


ations seen end on. Figure 11 is a micro- 
graph of a double film in which di i 


3.1.3. Dislocations with line. 
at 45° to (001). 

The length, spotty contrast and ori 

lines suggested that they lay approxi 


s approximately on the {110} planes inclined 


entation of some of the dislocation 
mately in the {110} planes inclined 
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a 45 w the film plane. Some examples of these are labelled B in fig. l. 
Numerous attempts were made to persuade dislocations of this kind to 
move while they were under observation. This was done in order to 
esta ish whether their lines and Burgers vectors lay on {110} planes or not. 
Ix none of these attempts did a dislocation move by more than a few 
hv dred angstroms. 


Fig. 11 


A double PbS film in which dislocations are revealed in the moiré pattern and 
by phase contrast. It can be seen that the dark dots coincide with 
dislocations in the moiré pattern. Not all the dislocations in the moiré 
pattern. coincide with dark dots. Magnification 360 000 x. 


Rachinger (1956) suggested that a dislocation on (101) with Burgers 
vectors a[010] might dissociate in crystals like PbS into a pair of imperfect 
dislocations with 4a[010] Burgers vectors. No examples of these dis- 


sociated dislocations were observed. 


3.1.4. Dislocation loops 
Defects that appear to be dislocation loops were present in the films and 
examples of them are labelled A in fig. 2. 


3.2. Dislocations Revealed by Moiré Fringes 


3.2.1. Description of the fringes 

The fringes used to study the dislocations were formed by interference 
between the undeviated beam and a beam which had undergone two 
reflections of the 200 type. Figure 12 is a micrograph in which both sets 
of fringes of this kind are visible. Table 1 lists the effects of the dislo- 
cations predicted by Frank and Nicholas (1953) on these fringes. 
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The dislocations expected to be present in = in ae ccu | 
i [ their effects on the fringe patterns. 4+ 

to four groups based on s or ne ME 
pu Es of those in group I are inclined ee to P J 7 i 
Burg in gr II and group III lie in 
Burgers vectors of those in group eras 
e in group IV are not revealed by the moiré patterns. 


Disto- 


Fig. 12 
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A double PbS film in which dislocations are revealed by the moiré pattern. 


Examples of dislocations in groups I, IT and III are labelled. Magnifica- 
tion 650 000 x . 


3.2.2. Burgers vectors of dislocations in the films 


A large number of dislocations were analysed in micrographs where both 
sets of fringes considered in table 1 were visible. The micrographs were 
of two specimens. Specimen 1 was made from two portions of one PbS 
film and specimen 2 from two portions of another. Figures 12 and 13 are 


of specimen 1 and fig. 11 is of specimen 2. The results of the analysis 
are given in table 2. 


Table 2 shows that both the dislocations predicted by Frank and 
Nicholas (1953) were present and that 14/110) Burgers vectors were more 
common than a(100). Examples of d 


moi islocations in groups I, II and III 
are indicated by arrows in fig. 12. No dislocations that did not fall into 
these groups were observed. There were, however, several instances 


where the interpretation of the fringes was uncertain. Some of the dislo- 
cations in fig. 13, for example, are so close to one another that there are 


" 
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Table 1 
, = 
; Number of fringes formed | Number of fringes formed 
| Burgers vector of by 020 and 020 by 200 and 200 
the dislocation reflections that end reflections that end 
on the dislocation on the dislocation 
3a[101] 0 il 
[ AUI 0 1 
~  áa[011] 1 0 
ia[0T1] 1 0 
la[110] l 1 
| E TOT 1 1 
» 
| zx ao 2 
TOT! 2 0 
IV a[001] 0 0 
| ig. 13 
| 
ends Hi r 
A414 EIRIGR Re s a d d , 
PFIIRILILG GG x2.) E 
IIIA eS ipM ut 
| 145211. Huit 
| fi LA Alli 
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111517 94422 
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* sane .. 
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An included grain which is rotated through 1:64° about [001] relative to its 
surroundings. Magnification 650 000 x . 
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several ways of assigning Burgers vectors to them. Situations of ee 
kind did not occur often enough for their interpretation to have had a large 
effect on the numbers in table 2. 

| Table 2 


B 


| | 
: ; ! 

Number of dislocatic:-« i 
per square centi- 
meter of each film. 


Number of dislocations | Total number of 


Speounon in each group dislocations 


1 193 357 "4 524. 1-75 x 1019 
294 210 46 470 2-20 x 1010 


Dislocations in groups I and II were roughly equal in number in spite 
of the fact that there are eight different Burgers vectors in group I and 
only four in group II. There is thus a preference for Burgers vectors in 
the film plane. 


+ 


3.2.3. Dislocations in grain boundaries 


Some of the dislocations revealed by the moiré patterns were arranged 
in low-angle grain boundaries. An example is present in fig. 13. The 
lattice rotation, 0, about the [001] direction that takes place across the 
boundary can be determined very easily from the dislocations in the 
boundary if one divides it into portions that can be regarded as boundaries 
with two degrees of freedom (Read 1953). The angle @ can also be 
determined from the spacings of the moiré fringes and outside the dislo- 
cation wall. We measured the rotation across four grain boundaries by 
these methods and the results are given in table 3. One set of fringes 
gives 0 by both methods, but two sets of fringes were visible in and 
around the grains analysed. The angles in table 3 are the average of the 


values obtained from each set of fringes. The first pair of angles listed 
are for the boundary in fig. 13. 


Table 3 
9 from dislocations 0 from the spacing of fringes 
38° 1:80? 
4? : : 1:66? 


1:202 


| 
l 
| 
| 
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of the holes in the incomplete film are parallel to [100] and [010], which 
S sts that the largest facets (after those parallel to the film plane) 
were (010) and (100). (If {110} or {111} facets were prominent one would 
ex:2ct the holes to have prominent boundaries along [110] as well as [100].) 
“he variation of fringe spacing in fig. 14 shows that the lattice in some 
‘s of the film is rotated about [001] relative to that in others. 
‘“hus some features of the growth of PbS films are similar to the growth 
c: silver on rocksalt (Bassett et al. 1959, Matthews 1959, Phillips 1960), 
roa, (Pashley 1959, Matthews 1960, 1962) and molybdenite (Bassett 1960). 
O«2 would expect some dislocation formation mechanisms to be common 
to these examples of epitaxy. Bassett (1960) found that dislocations 
were formed in deposits of silver on molybdenite when large nuclei, not in 
parallel alignment, coalesced. Dislocations in boundaries like the one 
in fig. 13 were probably also made in this way. The diameter of the grain 
in fig. 13 is about equal to that of the largest PbS nuclei and so is consistent 
with this suggestion. The dislocations that would be made by the 


me 


Fig. 14 


A micrograph of a specimen. composed of an incomplete film supported on a 
complete one. The pale areas are holes in the incomplete film. The 


boundaries of the holes are approximately parallel to [100] and [010] 
directions. Magnification 360 000 x . 


mechanism can be predicted from the misalignment of nuclei and from 
their boundaries. The boundaries are usually parallel to [100] and [010] 
and the variation in the spacing of moiré fringes shows that a common 
misalignment is & rotation about [001]. If a pair of nuclei with similar 
heights and growth rates coalesced then a tilt boundary on (100) or (010) 
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á 


would often be formed. The dislocations in the boundary would tend to 
be +a{010] and +a[100]. It is, however, likely that dislocations of this 
type are unstable in most circumstances. A dislocation with an a[0!0] 
Burgers vector can decay in two ways : 


a[010]—-3a[011] + 3a[01 nmn e X) 
a[010]—3«a[110]--3a[110]. |. . . . . . :9) 
'T'he decay products in (1) are in group I and those in (2) are in grous +i, 
Decay as in (2) involves glide of the overgrowth on the substrate in i.e 


region between the product dislocations. The glide is on the primo-y 
slip system of PbS. Decay as in (1) involves separation of the over- 
growth from the substrate as well as glide in the film plane. The vertisal 
displacement is }a[001] and the glide in the film plane is ja[010]. i6 
seems fairly certain that if energy is released in reactions (1) and (2) 
the amount released in (2) will usually be greater than that in (1). If 
this is true one would expect (2) to take place in circumstances which render 
(1) energetically unfavourable. As a result of this grain boundaries would 
contain more pairs of dislocations in group II than in group I. This is 
consistent with the relative concentration of dislocations in groups I and 
II (see table 2). 

If the coalescing nuclei were of very different heights the large one 
would grow over the small one in the same way as a step moves over a 
growing crystal. If dislocations were formed between the nuclei it is 
possible that their lines would follow the joint surface and so have part of 
their length in (001). Most of the dislocation lines in (001) that resulted 


Fig. 15 


A and pu Eu Dee film supported on a complete one. Hole A 
is less deat iA eae coup IL ‘The number of fringes that end in B 
tion 720 000 x. 9 to contain a group TI dislocation. Magnifica- 
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from a misalignment about [001], would be in screw orientation. It is 
possible the dislocations described in $ 3.1.1 were made in this way. 

ls has been suggested (Matthews 1959) that nuclei might coalesce so 
that “he heles between them contained dislocations. At the stage of 
grov'^ireached by the thinner of the two films in fig. 14 it is difficult 


tc C. comguish between this mechanism and the one observed by Bassett 
(19-.;. In order to see if the holes present at a later stage of growth 
con..1ed many dislocations we prepared two specimens. One was 
coisnosed of a complete film and a film more nearly complete than the thin 
ono in fig. 14. Figure 15 is a micrograph of this specimen. Holes 


sied 1-73% of the area of the thin film and there were 1-57 x 101? holes 
per square centimetre. The second specimen was one portion of the 
complete film supported on another. It was specimen 2 in table 2. 

Moiré patterns in the first of these specimens were used to analyse 835 
> dislocations that were either in the matrix of the incomplete film or in the 
complete film covered by the matrix. Analysis of the dislocations in the 
second specimen enabled us to estimate the number of dislocations in each 
group in the complete film of the first specimen. Once this was done it 
was a simple matter to estimate the number of dislocations in each group 
in the matrix of the incomplete film. (The assumption that the con- 
centration of dislocations does not vary from one part of a film to another 
that was used in these estimations seems to be justified. We have not 
detected a significant variation of dislocation concentration in any of the 
specimens examined.) The results to the nearest whole dislocation are 


given in table 4. Table 4 
| 
| 
| ; 7 Dislocations in matrix of the 
| Dislocation group incomplete film. 
| 
| I 269 
II 293 
TII 25 


Dislocations that are either in the holes or in the complete film covered 
by the holes are revealed by the moiré fringes that end on the holes 
(Matthews 1962). If the number of fringes that end on one side of à hole 
differs from the number of fringes that emerge on the other then there is a 
| dislocation in the hole or in the complete film covered by the hole. The 
| results of the application of this technique to the specimen described 


above are listed in table 5. 
The number of dislocations in the complete film that were covered by the 


anco. 


holes can be estimated from the area of holes and the number of dislocations q 
per unit area of complete film. ‘The number must have been about four. 

The error introduced into the number of dislocations in the holes by neglect- 

ing these is unlikely to be large. This is not only because they are few in 

number but also because their effect on the moiré pattern will sometimes be 
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added to and sometimes subtracted from the effect of the dislocations in 
the holes. A more serious error was probably made during the analysis | 
itself. In about 40 of the holes examined the visibility of one and some- 
times of both sets of fringes was poor near the edges of the holes anc i$ is 
likely that some miscounting did occur. Figure 15 contains two hol 
A and B. The fringes are clearly resolved around A but are less ©! 


around B. 
Table 5 
Number of fringes formed by | Number of fringes formed by | xy : | 
020 and 020 reflections 200 and 200 reflections Number of 
that end on the hole that end on the hole holes | 
0 0 8 E 
1 0 


eR 


s In groups I, IT and III the 180 holes 
md of the dislocations in the 
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A dislocation with Burgers vector inclined to the deposit plane probably 
gives rise to a larger lattice distortion where it meets a substrate surface, 
which does not contain a similar dislocation, than does one with Burgers 
boue in the deposit plane. (The majority of dislocations in the deposit 
Jo eni ona substrate surface that does not contain a similar dislocation. 
he -:slocation density in annealed rocksalt is only 10* to 105 per square 
cent .netre (Amelinckx 1958 b). If this is so the holes that contain 
grew: £f dislocations would only be filled up at a later stage of film growth 
cha: snose containing dislocations in group II. 
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The Loop Size Distribution in Neutron Irradiated Copper 


By R. V. HESKETH 
Berkeley Nuclear Laboratories, Berkeley, Glos. 


oseived 12 November 1962, and in revised form 14 December 1962] 


ABSTRACT 


Both single interstitials and single vacancies are absorbed at dislocation 
loops when both are mobile. The growth of existing loops during further 
irradiation is therefore a second-order effect, and it is shown to be small. 
This necessitates new assumptions to explain the loop size distribution 
observed at 300?k. A model is given in which it is assumed that loop 

| formation takes place entirely within the displacement spike. Invariance of 
| the loop size distribution with dose, which is observed experimentally, follows 
| from this assumption. It is caleulated that loop nucleation occurs by the 
| collision of two or three defects within the spike. 


Ix a previous note (Hesketh 1962) the interaction energy at large distances 
between a single point defect and a dislocation loop is given. The present 
| diagram shows the energy surface for a diametrical plane normal to the 
| loop. The most important feature of this surface is that a defect running 
| downhill (e.g. an interstitial in the presence of an interstitial loop) joins 
the dislocation by running into a funnel, while a defect running uphill 
(e.g. a vacancy in the presence of an interstitial loop) also joins the dis- 
location by climbing a horn of the figure. If both vacancies and inter- 
stitials are mobile, a loop collects not one but both, and thus only grows if 
| the volume from which it collects defects contains am excess of mobile 
. . defects of the type of which it is composed. 
| Consider now the action of subsequent displacement spikes on loops of 
| one size and kind already in existence, and restrict consideration to 300°K, 
| which is the only temperature for which the loop size distribution is known. 
| Both vacancies and interstitials are mobile, and may diffuse to, dislocation 
x loops in times much shorter than either the time of irradiation or the time 
| between the end of irradiation and observation. Diffusion is therefore 
tion. The subsequent spikes occur in 


| complete at the time of observa 
| random. positions, and an existing loop has equal chances of being sur- 


rounded by either am excess of vacancies or an excess of interstitials, equal 
numbers of each being created. Thus, of a statistical number of existing 
If will grow and half will shrink. The scatter 


loops of one size and kind, ha. 
of Re resulting diameters depends on the probable excess of either defect 
Because this volume is much 


within the capture volume of a loop. 
larger than the volume of a spike (at least a thousand times for a loop of 


50.4 diameter) only a few spikes have their defects shared between two 
or more existing loops, and the probable excess within a capture volume 
is correspondingly small. When both defects are mobile, the growth of 


212 
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existing loops is a second, rather than as previously supposed (Makin et al. 
1962, Varley 1962), a first-order effect, and the above volume comparison 
shows that it is small. This is borne out experimentally by the in- 
variance of the loop size distribution with dose (Makin et al. 1962). Thus 
the loop size distribution arises from the probability of formation of 2 oop 
of particular size within one displacement spike. Assumptions now ‘is 
to be made about the processes within the displacement spike. ^ 
there are many possibilities, fairly crude assumptions are found io 5e 
adequate, because the required quantity, the number of atoms in & ‘sop 
nucleus, appears as an exponent. 


urfaee for the i 3 b 4 
à det tor the interaction between a dislocation loop and a single 


ying in a diametrical plane normal to the loop. 


by quenching 
hat a high 


— 


~y 
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defects contains equal numbers of each and the net growth is zero. When ' 
both defects are mobile it is also essential that loop nuclei (or at least some : 
nucle=:s of coagulation) of each type should form. If only nuclei of one i 
type :orm, they collect all the mobile defects and the net growth is again i 
zerc. Thus the time for formation of a nucleus must be short by com- I 
parico1 with the time of diffusion of defects to an opposite type of loop. [ 
Thrc:- dimensional clusters of defects may be ignored because their long- | 
range elastic fields do not allow a similar growth mechanism. Also, the t 
loop «ize distribution in uranium bombarded by fission fragments (Hudson ! 


et ai. 18962) is similar to that in neutron irradiated copper, suggesting that, 
where loops are formed, the energy spectrum of the incident particles is H 
not important. ü 
Assume therefore that nuclei are formed in a brief time at the beginning Jj 
of each damage event and grow by diffusion during à much longer time. | 
The initial radial distribution of defects within the cascade is determined | 
by the ranges of secondary and subsequent knock-ons and of crowdion i 
collisions. The ranges of crowdion collisions are sensitive to the direction 
of the initial impact and may be expected to be well distributed. Two i 
simple forms for the initial radial distribution will therefore be considered, 
that of spherical symmetry : 


(i-o 41/7, 


and that of cylindrical symmetry : 
(C)izo = Aj T, 


where the constant A can differ for the two types of defect. 

Tf each defect can be annihilated in the simultaneously created atmo- 
sphere of defects of opposite sign, the concentration will be less dependent 
on radius. On the other hand, an exponential term (relevant especially 
to vacancies) representing the attenuation of secondary knock-ons, and 
which would make the concentration more dependent on radius, is omitted. 

Suppose that the simultaneous meeting of E defects is required for 
nucleation. The probability of nucleation within a range dc about a 


concentration c is: 


Lar FESS MSIE Parii ans i Print 


beni irre Sete 


P(c)dcec(c)* dv. 


The volume dv is given by: 
dv= 4nr? dr 
= —27A82de.c2 for c= A[r 


d 
Es — 4n A*dc .c7* for c= Afr, 


that 
pe P(c)jeodocc(c)fag? de forc-A[r 


oc(c)Fzéde for c=A/r. 
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As a loop grows by the diffusive accumulation of defects, so does the 
volume from which it collects defects. Considering competition between 
loops within one event, and using the relation between the loop rad?us R 
and the statistical size of the capture volume 7,° (Hesketh 1962), 


m oc RINN, 


the rate of addition of defects to the capture volume and eventually to She 
loop (i.e. the excess concentration at the boundary, S,,, multiplied b; the 
rate of increase of volume) may be written as a function of R : 


2n—9 


" ; 
| 2A n+2 
Bano foot 8,75 P k. 


Integrating with respect to time, the total number of defects added to the 
loops during its growth is a function of R: 


2n—2 
QUEUE a S, “RR Rat, 
a 0 on+2 
where a? is the cross-sectional area of each defect. The excess concen- 
tration S, is an unknown function of r and rọ dependent on the position of 
the loop within the event, and n is a function of R/r,, so that an approxi- 
mation for the integral must be made. Note that in the upper limit S, =0 
and R=0. In the lower limit, SE. is the excess concentration in which the 
nucleus is created, while because the loop nucleus is of one size (x defects) 


(E) oec (Sn s. 
Thus a first approximation for the integral gives: 
Ry? —R,? 
ae es ec (S, co 


Tig oc (S, iso. 


oups | f defects are initially well separated, the excess 
ppro. : lately the concentration of the major component. 
the larger loops observed, in which case: 
s, OM 


e compared 
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Comparing the predicted and observed distributions given by eqns. (1) 
and (2) 
%=3/2 forc-A[r? 


ind 

3 for c=A/r. 
This vory approximate theory thus yields a credible answer for the number 
of devs2ts required for homogeneous nucleation within each damage event, 


whiio the assumptions made give the satisfaction of using the invariance 


of tio loop size distribution with dose as a fundamental property. 
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Note added in proof.—Evidence of the co-existence of interstitial 
and vacancy loops, as considered here, has recently been published 
(Westmacott et al. 1962). 

Westmacort, K. H., RoBERTS, A. C., and BARNES, R. S., 1962, Phil. Mag., 
7, 2035. 
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ABSTRACT 


The slow thermal after-effect in zine after room temperature creep is 
preceded by a rapid stress-dependent contraction, approximately proportional 
to the fourth power of the unload stress. Normal and cyclic stress-reduction 
produce the same magnitude of strain recovery. Stress and thermal recovery 
assume separate functions during the plastic flow. Creep appears to be 
movement of stressed dislocations over barriers controlled by thermal 
recovery, whilst the rapid after-effect is best explained as a backward 
movement of dislocations partially hindered by weak reverse barriers. 


$1. INTRODUCTION 

Tur after-effect in pure metals—the time-dependent reduction in strain 
that accompanies a removal of the deforming load—is & well-known 
phenomenon. Meleka and Dunn (1960) observed an after-effect in zinc 
when a cyclic stress was applied to single crystals partially unloaded after 
creep. The rapidity with which this cyclic after-effect was obtained 
(<2 min), contrasted with the slow logarithmic relaxation of the normal 
after-effect, suggests they are separate processes. Since negative plastic 
strain has been noted in unloaded zine single crystals in comparably short 
times (e.g. Roberts and Brown 1960) without the agency of cyclic stress, 
it seemed possible that an initial stage of strain recovery largely inde- 
pendent of thermal activation might be a general feature of plastic 
behaviour. If this were established, it would still be necessary to isolate 
the somewhat indefinite contribution of cyclic stress. 

Measurements have been made of initial strain recovery after partial 
unload, and also when a further cyclic stress was applied, in polycrystalline 
zinc at room temperature. It was found possible to adapt creep apparatus 
for this purpose, but the need to provide combined steady and cyclic 
stresses and to measure rapid and very small length changes with accuracy 
greatly restricted the range of variables over which measurements could 
be made. It was possible, however, to isolate the initial stage of strain 
y, to show its dependence on stress and to assess the importance 


recover 
of cyclic stress. 


$2. EXPERIMENTAL 
arm creep machine directly coupled to an electromagnetic 


AS he combined steady and cyclic stresses. A sinusoidal 


vibrator provided t 


input added controlled cyclic stresses to the static load of the usual 
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weights at a frequency of 20 c.p.s. Steady and cyclic stresses were 
measured by means of a calibrated strain-gauge load-cell, in series with 
the specimen, connected to an a.c. strain-measuring unit which allowed 
the cyclic stress to be displayed on an oscilloscope. Specimen extens 
was measured by a differential transformer extensometer, whose elec5-:cal 
output was amplified and fed into a Honeywell-Brown chart recover. 
The full chart width of 11 in. corresponded to a displacement « : 
mercury light fringes on an interferometric calibrator, and hence 
equipment was sensitive to strain changes in the specimen of 1075. — 
recorder required approximately 1 sec to register the largest instantancous 
change in length of the specimen. 


Fig. | 


o 


mor. TO= 
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rapidly diminished to a very low value. In some experiments a cyclic 


stress of amplitude cc was then applied; this resulted in a further transient 
contraction ee which again rapidly decreased. Amplitude oe was 
inere:<3ad in steps until no further cyclic after-effect e, was attainable. 
This «it occurred when a small increase in cg resulted in slow forward 
cree; of the specimen. The cyclic stress was then removed and the 
steac. stress restored to its original value op. Forward creep was 
corns ‘aed until all effects of recovery during the unloading cycle had 


diss: caved, when a further sequence of after-effect measurements were 
mado. For the purpose of the present experiments each after-effect 
transient was considered to be over when its rate of change was close to 
10-9 min-t. 

It is important to emphasize the time occupied by these experiments. 
Each unloading sequence usually occupied a total time of less than 15 min, 
sometimes less than 10. Individual transients were often completed in 
less than 2 min and were always sharply curved, as represented by fig. 1, 
so that most strain recovery occurred in a still shorter time. The long- 
time variation of the after-effect, requiring stringent temperature control, 
was observed but not measured. 

Polycrystalline zine of 99-99% purity, obtained as extruded wire, was 
strain-annealed to a grain size 0:8 mm, and chemically reduced to final 
size. The specimens were cylindrical, 4mm diameter, gauge length 
25 mm, and were gripped by means of brass collars cemented to the ends. 


$3. RESULTS 
a d " 9. L9 
Specimens giving similar creep curves under a stress of 2-14 Kg mm 

were used, with different values of Ac, for after-effect measurements 
between 1 and 3% creep strain. 3% strain required over six hours, the 
creep rate continuously decreasing, though the uninterrupted creep curve 
fitted no simple analytical function of time. Cyclic stress behaviour was 
measured when Ac was equivalent to 40, 60 and 80% unload. Each 
al times, but experimental scatter in 


measurement was repeated sever ime í 
strain measurement was very much less than the variation with unload 


pc average results are presented in fig. 2 as a stress-strain unload 

diagram that ignores a slight systematic variation of the after-effect with 

creep strain. Open circles give the instantaneous negative strain ej, so 

that the full line connecting these points represents an apparent elastic 

modulus. Unloads less than 7% served simply to arrest creep and 

resulted in no specimen contraction. The short horizontal lines show the 

rapid after-effect €; which. decreased in minutes almost to zero. The 

shaded triangles represent the range of cyclic stress which was then 
imposed, and the corresponding negative strain ec, since it was found that 
the cyclic after-effect €c was approximately linear with the cyclic stress 
amplitude ge. Increase of cyclic stress amplitude above certain values 
resulted in slow forward creep, as indicated by the broken line in fig. 2. 
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Figure 2 shows that a stress which oscillates between load values L 
and unload values U results in unidirectional negative flow, and heuce 
indicates strong anisotropy in the sub-structure immediately after crcep. l 
This suggests that the previously observed cyclic after-effect may simoly | 
be negative strain produced by the maximum unload value of the cyclic | 
stress. When total plastic strain (e,+ ec) is plotted against max: | 
unload (Ac--o;) for each cyclic stress amplitude (the crosses in 


Complere 
Unload 


Strain recovery from unload and cyclie stress. 


of cyclic stress and extent of cyclic after- Shaded triangles indicate range 


effect, drawn to scale of axes. 
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Static strain recovery compared with cyclic strain recovery plotted against 
maximum unload value of cyclic stress. 


Short-time strain recovery is thus determined by the unload stress, 


during both steady and cyclic unloading; no extra strain is recovered by 


use of a cyclic stress. This is contrary to the suggestion of-Meleka and 


` Dunn (1960), in work on zine single crystals, whose proposal of a cyclic 


after-effect is put in doubt by the fact that they ignored static strain 
recovery. The strain increments e, and €c are interdependent and 
represent one and the same after-effect, a fact illustrated by fig. 5. Total 
specimen contraction (e+ €t €c), for a given unload, increased with 
the creep strain before unloading. Such a variation is shown by the 
dashed line in fig. 5 for successive tests on one specimen unloaded 60%. 
For three of these tests the specimen contraction due to cyclic stressing 
(separate scale at bottom of figure) is shown by crosses and full curves 
spaced from one another according to the variation of total contraction 
with creep strain before unloading. For the middle test (+) the specimen 
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was temporarily unloaded beyond 60% and quickly returned to 60% | 
unload; this resulted in an extra irreversible increment of Hee strain | 
€ Consequently, when cyclic stress was applied, only very smali ivere- | 
ments of cyclic after-effect were obtained, though in all other : | 
results for this test were precisely similar to those from neighbouring | 
Fig. 4 
10O °% Unload 
20 ki | 
is I i 
i | 
I 
10 É i 
^ E. A Ropid after-effect 4, XI0O% 
© j l 7 Unload | 
E X + Cyclic SSI) 
WD x 
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ao D | 
£ i | 
2 X | 
I | 
x | 
x | 
l 
H 
n 40%), Unload 


0S © 20 30 
Unload Stress (Kg mm2) 


ess | ependence of the rapid after-effect, with and without cyclic stress. 
its at a higher creep stress of 2-55 Kg mm-? 
B m. this Tine and the full line at lower creep 
equal to 4 So that to a first approximation 
o ter than. 40%, may be written: 


give 


— Á— 
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modulus, average value 3:5 x 10" dyne cm-2, obtained from fig. 2 varied 
with ereep parameters in precisely the opposite way as the after-effect. 
Rapid strain recovery thus appears to depend on creep behaviour only in 
so fe» as this varies the arrays of locked-in dislocations. A high creep 
vate '* associated with mobile, unlocked dislocations. 

P'sesie strain recovered at complete unload is 2x 10-4, obtainable 


witicz about 8 min, approximately two-thirds within the first minute. 

Buch strain recovery represents the stress-dependent rapid after-effect, 

shor: 1 it is clear that simultaneous and subsequent thermal after-effect 
Fig. 5 
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effect by increase in normal after-effect e,. The 


benon E Oa in total specimen contraction with prior 


dashed line shows increase 
ereep strain. 


at a slower rate also occurs and that the present arbitrary e = 
the two at a recovery rate of 10-9 min is less than: eaae too e 
after-effect would continue when the rapid after-effect was exhausted i 

the internal strain were still anisotropie; this was found to be the case. 
Some specimens were almost eompletely unloaded and the rapid after- 
effect exhausted. They were then ‘bumped’ by cyclic stress which at 
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complete unload left the specimen slack in its grips; considerable strain 
recovery was obtained within 1 or 2 min. This remanent anisotropy 
would not only lead to the thermal after-effect but also, when stress is 
reversed, to the Bauschinger effect. 

The thermal after-effect did not occur when a large partial load w: 
retained on the specimen. For example, 40% unload produced elas‘ic 
contraction, a small rapid after-effect, but no further strain recovery; a 
long period of zero creep was eventually followed by forward creep. A | 
schematic diagram of strain behaviour for 20% unload is given in fig. 6 («}, | 
where the interval of zero creep occupied ~ 5 min. 


Fig. 6 


Zero Creep 
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(Rosenfield and Averbach 1962), and been attributed to micro creep, but 
the full explanation may be less simple. 


$4. DISCUSSION 


Roca temperature creep of zine is intermediate between recognized 
egicn of low and high temperature creep, though vacancy-controlled 
climb is known to be important (Seeger and Trüuble 1960, Berghezan et 
4. 1651), Mobile point defects are necessary for slow thermal recovery 
and be thermal after-effect, but the separate stress-dependent after- 
effec :s more likely to be due to reverse flow of dislocations, moving 


immediately in response to stress changes: inhomogeneous internal 
stress produces mechanical rearrangement. Such a rearrangement 
explains the small drop in yield point following unload and immediate 
reload, and would also be applicable to single crystals. An examination 
of work on zine erystals suggests that they should show all the features 
of the present coarse-grained (0:8 mm) zinc. 

Rapid dislocation recovery was pointed out by Nowick (1955). 
Dislocations freed by unloading give rise to rapid changes in internal 
friction (e.g. Holwech 1960), produce marked changes in ultrasonic 
attenuation in zine single crystals in less than 40 sec after room tem- 
perature creep in simple shear (Alers 1955), and give a negative plastic 
shear strain of 10-5 on unloading Cu and Al single crystals at — 196°C 
(Rosenfield and Averbach 1962). Roberts and Brown (1960), at low 
shear strains, observed a stress-dependent strain recovery of 1074 in zine 
single crystals at room temperature during an unload taking 14 min and 
a further 10-4 strain recovery in subsequent minutes. The strain 
recovery transients shown schematically in fig. 1, and those of Meleka 
and Dunn (1960) for zine single crystals, are sharply curved, indicating 
the immediate response to stress. Meleka and Dunn state that a cyclic 
stress which effectively increased the unloading from 80 to 95 7 gave a 
negative shear strain recovery of 5x 10-4, obtainable within minutes. 
The tensile strain recovery from fig. 4 for a load reduction Ac from 80 to 
95% unload is 0:85x 10-4. The factor of approximately 6 between 
these two values is reasonable as a 


n order of magnitude for the mean 
orientation factor relating single crystal shear strain and polyerystalline 
tensile strain in h.c.p. 


metals (Armstrong et al. 1962). The pa 
' : z4 fter steady-state creep at room temperature 
recoto a lowe Te ae was independent of strain; one 
may assess for these single crystals a total stress-dependent strain 
recovery of close to 10 ? shear strain. Roberts and Brown have calculated 
from reverse dislocation motion within a mosaic structure for zine a 
value of 5x 10-4 shear strain for maximum strain recovery. Actual 
behaviour is probably more complex than dislocations moving away from 
obstacles towards sources on their glide planes. 
Simple reverse glide after stress change could not explain the small 
time-dependence shown by the rapid after-effect transients; there must be 


P.M. 2K 
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a collection of weak reverse barriers. Climb causes plastic flow to fan out 
from original slip planes (Seeger and Trüuble 1960) so that dislocation 
segments may move back on planes different from their original ones, 
and are impeded by jogs and stress interactions from dislocations on 
neighbouring planes. Above —30°c in zinc jogs are formed by climb, 
interactions with the forest, and dislocation uncertainty (Kuhlman:— 
Wilsdorf and Wilsdorf 1962), and vacancies are available for their essy 
movement. If jogs are dragged back by the stress-unload, the scil 
time-dependence could emerge from the need for point defects to assist 
in non-conservative flow. ‘The need for a diffusion process to coope: .:e 
with reverse dislocation flow is shown by the observation of Meleka ead 
Dunn that recovery transients under cyclic stress became shallower at 
higher frequencies, no strain recovery occurring at a cyclic stress fre- 
quency of 10 000 c.p.s. Increasing the frequency reduces each interval 
of time at maximum unload and hence reduces the time for effective 
cooperation between point defects and internally stressed jogs. 

By contrast, & slow thermal after-effect assumes dislocations are 
migrating over strong reverse barriers. Since sessile loops formed by 
cluster and collapse of point defects (Seeger and Trüuble 1960, Berghezan 
et al. 1961) are barriers which have been observed to anneal slowly at 
Boom temperatures in zine (Price 1960, Berghezan et al. 1961), this could 
d x ay NS for slow release of dislocations. A slight increase 
Luna i OD pros creep rate at the same strain is to be 

S greater proportion of dislocations are held up and these 

have probably migrated farther from their original slip pl 1 
temperatures, where all reverse barrier: ^ = ea ey 
should be smaller and occur only at ae e e rapid aitarena 
a oe 7 at —196*c (Rosenfield and Res ao iloa dtor 

menbaum (1952 1 ; SE 
eae devin E Rue nnedie Strain recovery after un- 
SR UG ee toom temperature was correlated with 
Plastic creep strain; this merely m. 

dependent. The initial plastic strain i y means that both are stress- 
Meakin 1959) and z-brass (Feltham a d E of copper (Feltham and 
the square of the stress, and so i f md Coplay 1960) is proportional to 
(Brown and Lukens 1961) Hen es mcrostrain in Fe, Cu and Zn 
: ce the immediate effect of Stress on 


dislocations IS to give a parabolic Te ationship W b e af ter 
, hich should be hi 


shown by eqn. (1). 
Separate stress- 


B 
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region of very slow after-effect progressively increased transient creep 
nori b ^ 1 - 

» reload. Together with the observation that small unloads tem- j 

vily is hibit creep, this means that at least two processes are operative 


Í 
in forwe:-. creep of zine (Cottrell and Aytekin 1950). It seems that i 
; zislocations receive little assistance from thermal fluctuations, | 

both creep and thermal after-effect are due to slow thermal 1 

„arriers in front of stressed dislocations. A similar separation | 

cd thermal influences is implied by the difference found between | 

ni 


» of transient creep and recovery of the initial plastic strain 
:enbeuam and Kauzmann 1954) in zine single crystals. At relatively i 
igher temperatures (Al from 230-280°c) a similar dual dependence of | 
creep rate on recovery of substructure as well as on stress is found to 
exist (Bayce et al. 1960). Thus, though the thermal after-effect appears 
to decrease with rising temperature (Wagner 1959), the rapid after-effect 
! should persist until the rate of thermal recovery becomes extremely 
rapid, perhaps up to recrystallization temperatures. 


ts 
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ABSTRACT 


Evidence to show that the layer growth of ice crystals occurs mainly by the 
surface diffusion of molecules to the growing steps is presented. Measure- 
ments of the rate-of-change of separation of adjacent growth steps allow the 
mean migration distance xg of molecules on the basal face to be deduced; 
this parameter shows a remarkable variation with temperature over the range 
0°c to —40?c. The six changes of ice crystal habit, which occur between 0?c 
and —25°c, are explained in terms of the variation of vg with temperature 
and the relative rates of surface diffusion on the basal and prism faces. 

Photographs reveal the presence of micron-size steps on the crystal surfaces 
and their formation is explained in terms of the bunching and amalgamation of 
much thinner growth layers. It is shown that if two layers are nucleated so 
that their initial separation is <2zs, they will close up and amalgamate to 
form a double step travelling at half the speed; this in turn, will be over- 
taken by other layers to produce eventually very slowly moving, visible steps. 
The rate of closing of two adjacent steps and the distance and time required for 
the formation of steps of a given height are calculated and found to agree 
quite well with observation. 

Hopper, skeletal and dendritic growth of ice crystals have been studied by 
time-lapse ciné-photography. These growth features are largely controlled 
by the supersaturation of the vapour. They are shown to be a consequence 
of nucleation of growth layers at the crystal edges and corners under high 
local supersaturation, unequal rates of surface diffusion on basal and prism 
faces, and the bunching and amalgamation of layers as they spread towards 
the centres of crystal faces. 


— — 


$ 1. INTRODUCTION 


Ion crystals grown from the vapour in air show a remarkable variation of 
erystal habit with temperature. This has been investigated, for example, 
by Nakaya (1954), Shaw and Mason (1955), Kobayashi (1957) and. by 
Hallett and Mason (1958a), the latter growing crystals on a thin fibre 
running vertically through the centre of a diffusion cloud chamber in 
which the vertical gradients of temperature and supersaturation were 
accurately controlled and measured. ‘These experiments, which covered 
the temperature range 0°c to —50°c and supersaturations rang om a 
few per cent to about 300% (in very clean, droplet-free air); € 
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showed the erystal habit to vary along the length of the fibre in the 
following manner: Y 

Variation of ice crystal habit with temperature 


0°c to — 3^c Thin hexagonal plates 
— 3°cto — 5°c Needles : 
— 5°oto — 8°C Hollow prismatic columns 
— 8?c to —12°c Hexagonal plates 
—12°c to —16°c Dendritic fern-like crystals 
—16°c to —25?c Hexagonal plates 
—25^c to —50?c Hollow prismatic columns 


These six changes of habit involve really three distinct transitions 
between essentially ‘plate-like’ growth along the a axes and ‘prism-like’ 
growth along the c axis at —3°c, —8?c and —25°c; the transitions at 
—3°c and —8°c occur within temperature intervals of less than one 
degree, while the change at —25°c is much less sharp. 

Very large variations of supersaturation do not change the basic crystal 
habit as between prism- and plate-like growth, although, of course, the 
growth rates are profoundly affected. On the other hand, the super- 
saturation appears to govern the development of various secondary 
features such as the needle-like extensions of hollow prisms, the growth of 
sectors and spikes at the corners of hexagonal plates, and the fern-like 
development of star-shaped crystals, all of which occur only if the air is 
supersaturated relative to liquid water, see fig. 1. 

The influence of supersaturation has been more clearly elucidated by 


Kobayashi (1961) working in this laboratory with a new technique in 


which two air streams saturated with respect to ice at different tem- 
peratures are mixed to 


produce a supersaturated mixture at an inter 
| : nter- 
mediate temperature. The ice crystals were 


ayaa abi with tone Y ep on seals 
re persaturation are summari i 

ice : zm = ion EE pe prineipal factor governing whether qi em 

Wero y p eee (c/a < 1) or prism-like (c/a > 1) is the air 

ue i = e diagram shows equally clearly, the degree of 

RE ndary growth features are determined by the super- 

ux of vapour, Increasing Supersaturation causes ae 
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Since a: entirely similar pattern of habit-change with temperature was 
obtaine<. when the air pressure was reduced, and when the air was replaced 


by carbon dioxide, hydrogen, or helium (Van den Heuvel and Mason 

(959), .5 appears that the diffusivity and thermal conductivity of the 

snvirczc:snt, although affecting the growth rate, do not influence the 
Fig. 1 
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The variation of ice-crystal habit with temperature and supersaturation of the 
vapour according to Imperial College experiments. 


basic crystal habit. Furthermore, crystals grown from the vapour of 
heavy water exhibited similar variations of habiti except that the tran- 
sition temperatures were all raised by nearly 4^c in conformity with the 
melting point. of D,O being 3:8?c. On the other hand, the habit of ice 
erystals is profoundly modified by the presence, in small concentrations, 
of certain organic vapours (Hallett and Mason 1958 b). ; 

This all suggests that the observed changes of habit are not to be 
explained primarily in terms of conditions in the diffusion field but rather 
in terms of a property of the crystal surface which is both face-dependent 
and sensitive to temperature. In this paper we present evidence to 
suggest that the controlling factor is the relative rate of surface diffusion 


on the basal and prism faces. 
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1 | 
$2. EXPERIMENTAL EVIDENCE FOR SURFACE MIGRATION ON : 


Ice CRYSTALS 


Evidence that water molecules migrate for considerable distances 
across the crystal surface and may travel from one face to another before 
either evaporating or becoming built into the crystal has emerged from: $, 
detailed study of the epitaxial growth of thin, hexagonal plate-like ic; 
erystals on the basal plane of freshly cleaved covellite (CuS). In t 
early stages of growth these crystals, being only a few wavelengths thic: ; 
show interference colours when viewed in reflected white light. As t:. 
crystals thicken they change colour and allow growth along the c axis to 
be followed with a resolution of about 150 å—see Bryant et al. (1959). 
Under vapour supersaturations of order 10%, such crystals often obtain 
diameters of 100» without discernible change of colour (thickness), which 
suggests that molecules arriving on the top, basal, surface are not assimi- l 
lated but either evaporate, or migrate across the surface to become built 
in at the crystal edges (prism faces). 

Strong support for the latter alternative is provided by the observations 
of Hallett (1961) that the lateral growth rates of two neighbouring crystals 
of unchanging thickness do not decrease as they approach each other 
even when the intervening gap narrows to as little as Lu. If the crystals 
were growing mainly by direct deposition of molecules on their edges one 
would expect them to slow down as they approach and shadow each other, 
a m m proceeds mainly by migration of molecules from the 
cud pct that asmall plate-like ice crystal does not thicken | 

ep on the substrate surface or another crystal. With i 


coloured growth layers, originating 
d across the crystal and, at constant 


ur to the surface, 
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gradually with decreasing temperature down to —40°c. He used eqn. (1), 
1 Vts if vs h, to infer that x; would vary with temperature in a 
se manner. We have recently obtained more direct and accurate 
mees;coments of zs by determining the velocity of individual growth 
laye:7 os a function of their separation. These will now be described. 


. THE MEASUREMENT OF ts AS A FUNCTION OF TEMPERATURE 

(0 method is based on the assumption that, at constant temperature 
and supersaturation, two growth layers of comparable but unequal 
thickness and separated by a distance greater than 2v, will travel inde- 
pendently at constant speed. But, if their separation is less than 245, 
their eollection zones will overlap, they will mutually interfere and will 
slow down as they compete with each other for the diffusing current of 
molecules. "The technique is therefore to determine the separation of the 
two growing steps a6 the stage when they just begin to slow down; this 
distance is then taken as 2x. 

The apparatus was essentially the same as that used by Hallett (1961). 
The substrate crystal, of freshly cleaved covellite, rested on the flat end of 
a copper rod dipping into a Dewar flask of liquid nitrogen. The tem- 
perature T, of the copper surface was controlled by an electrical heater 
wound on the end of the copper rod and was measured by a 38s.w.g. 
thermocouple placed immediately below the surface. The temperature 
and vapour pressure of the air surrounding the crystal were controlled 
by stirring it and bringing it into equilibrium with the ice-lined walls of a 
ü amber cooled by circulating cold alcohol. The 
layer was measured with a thermocouple. The 
r surrounding the specimen crystal was then 
given by the ratio of the saturation vapour pressures of ice at ee 
T, and T,. This apparatus was an improvement on phe o = ett in 
that the cooling systems for the central rod and the euler m s 
independent and were designed to give more rapid control ; the ue 8 
temperature and greater stability of the environmental Gon ions. 
This cold unit was mounted on the travelling stage of a microscope so 


i illuminated. 
vstal surface could be scanned. ‘The specimen was 
e h a vertical illuminator, viewed by an 8mm 


ten lamp throug: i 
et a 20 eyepiece, and recorded simultaneously on colour 
fen Superanscochrome, Type PN1226 (tungsten). To reduce the 


i j this was filtered by a #in. glass 

i f the specimen by the light beam í 
aoa a6 ma eh of water. Observations of the onset of evaporation 
and melting of ice crystals indicated that their temperature was being 


surrounding copper ch 
temperature T of the ice 
supersaturation of the ai 


measured with an accuracy of 4 1?C. 

The experi 
covellite in the apparatus, 
supersaturat 
crystal for 
graph it at 


mental technique was to place a freshly cleaved crystal of 
cool it to the desired temperature, adjust the 
ion to a value of about 50%, scan the substrate for an ice 
ming a regular succession of growth layers, and then to photo- 
one frame per second. The processed film was subsequently 
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examined in a microfilm reader and the separation of two neighbouring 
growth layers plotted as a function of time. A typical plot is shown in 
fig. 2 in which a fairly sharp change in the rate of closure of two steps, 
occurs when the separation is 10-8 p. This gives a value of vs —5:4 + 0-25 ps 
at —11°c, Similar measurements were made at other temperatures in 
the range —2°c to — 40?c, the results being plotted in fig. 3, where the 
plotted points usually represent the average of several individual expert- 
ments. 


Fig. 2 


o 20 40 60 


m TIME (secs) 


arat ion of two growth is . 
i Ss yers spreadin. 
2 n crystal às a f ien Ds the basal face of an ice 


—9- 


a 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Growth Habits and Surface Structure of Ice Crystals 511 


were growing mainly by surface migration of material from the basal face 


to tho ovism edges. 

In i> foregoing treatment we have regarded the parameter xs, which 
is a moon displacement, as if it were a sharply defined length. In reality, 
becas of the statistical nature of the surface diffusion process and the 
varic.c3 in the lifetimes of the molecules on the surface, the actual dis- 
placs.:ats will have a spread about the mean value. But the fact that 

ve 5:5 able to detect the fairly sharp changes in velocity shown in fig. 2 
suggests, perhaps, that the spread is fairly narrow. 


Fig. 3 
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ture of the mean migration distance vs of a water 


variation. with tempera : 
s RENS on: Lum the basal face (measured); ——-— the prism face 


(hypothetical). 
aviation of vs with temperature shown in fig. 3 does not 


The rapida Burton et al. (B.C.F.) (1951) derive the 


admit a simple e 
ing expression for ds: 
following exp vs= (Ders) 2 =aexp (Ws' — Us)/2kT, . . . . . (2) 
where D; is the surface diffusion coefficient, 7s the mean life of an adsorbed 
molecule before being evaporated again into the vapour, W,’ the evapora- 
tion energy of an isolated molecule on the crystal surface, Us the acti- 
vation energy for diffusion between two neighbouring equilibrium positions 
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on the surface distance a apart. The condition for surface diffusion to 
play an important role is ts 7 or Wists Us; in this case eqn. (2) iróplios 
that xs should increase quite rapidly with decreasing temperature. ‘This 
is in direct contradiction to the general trend of fig. 3. We therefore 
infer that the simple B.C.F. picture of diffusing adsorbed molecules 
behaving like a two-dimensional gas in which individual molecules 
move independently is inadequate for ice under the conditions of ou: 
experiments. 
One can only speculate as to what happens on the ice-crystal surfac: 
but it seems reasonable to suggest that the adsorbed molecules forn 
aggregates which are below the critical size for two-dimensional nucleatior: 
of a new layer but have a greater mean life than that of isolated molecules 
and may act as temporary trapping sites for migrating molecules. A 
molecule captured by such an aggregate will be more strongly bound than 
an isolated molecule on the surface so its migration will be associated with 
an effectively larger activation energy, Us. At lower temperatures the 
aggregates will be more stable, have a longer life, and have a higher 
probability of trapping migrating molecules, so that vg will be reduced. 
Accordingly we suggest that such an effective increase of Us with decreasing 
temperature may explain the region CD of fig. 3. The experimental 
values of xs from this curve were substituted in eqn. (2) to obtain the 
calculated values of (W,'— Us) plotted in fig. 4. We note that the part 
CD of tbis curve, when extrapolated to 0°c, gives a value of Cig — Us) = 
BEIDE Tes nape Srey rene okt, 
deiige Taon 5s Us oe near the melting point the 
So ud produce a state approximating 


to that considered by B.C i 
eee aoe -F. except that new factors enter at temperatures 


In explanation of the rapid fall of x 


ment.) It may be 
fig. 4 to 0°C gives a 
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Fig. 4 


TEMPERATURE (°C ) | 


and that, consequently, the surface force field becomes progressively 
smoother (lower Us), so that molecules arriving from the vapour travel 
farther and cause vs:to increase rapidly with increasing temperature. 

We wish to emphasize that the above interpretation of fig. 3 is entirely 
speculative but is included to stimulate discussion of what we believe to 


be a very interesting phenomenon. 


$4. Tan MECHANISM or HABIT CHANGE 
We shall suggest that the variation of ice crystal habit with temperature, 
summarized in the table, may be explained in terms of the variation of ds 
with temperature shown in fig. 3. This shows measured values of as for 
the basal face; unfortunately, we have been unable to grow erystals thin 
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enough to observe coloured growth layers on the prism faces and obtain 
similar measurements of vs for these faces, but we think it reasonable to 
assume that the curve would be of the same general shape as for the basal 
face but of rather different amplitude and a little displaced. along 1 
temperature axis. The two curves could then intersect at three poi: 
as shown in fig. 3 to give four temperature ranges m which the ratio of v, 
for the basal and prism faces alternates between being larger than, anc 
smallerthan, unity. For example, at temperatures between 0°c and —3*0, 
the migration length vs is shown as being greater on the basal than on the 
prism faces; we shall argue that this leads to a net migration of mater: 
from the basal to the prism faces, to more frequent nucleation of layers ca 
the prism faces and to the crystal developing as a plate. Between —3°c 
and —8°c the situation is reversed, implying that the crystal shouid 
develop as a prismatic column; similar arguments hold for the temperature 
regions —8?c to —25°c and —25°c to —50?c. The fact that the two 
curves intersect at steep angles at —3°c and —8°c, but not at —25°c, is 
consistent with the observation that the crystal habit changes abruptly at 
the first two temperatures but much more gradually around — 25?c. 


Since the maximum flux 
We expect new layers on 
Because D, « Ds, the 
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f the new layer XY in fig. 5 will be fed by surface diffusion along ZY and, 

vhile XY « xy, also by migration of material from the basal face, Y acting 
as a sin for surface diffusion on both faces. This transfer of material 
from * 0 basal face will delay the rise of concentration and therefore the 
nucic..i:on of growth layers on this face. When XY > vp or, alternatively, 
the over is completed, material is no longer being drawn by Y from near 
the ce X so that the concentration there may build up again. A new 
laye: “aay now arise, either on the prism face, in which case the above 


sequence of events is repeated, or else on the basal face, when it may be 
parti; fed by diffusion from the prism face. But, overall, slower surface 
diffusion on the prism face allows a more rapid build-up of concentration 
near the edge X and more rapid nucleation of new layers on this face which 
will therefore grow preferentially to initiate the plate-like habit. 

We therefore regard the unequal rates of surface diffusion on the basal 
and prism faces as causing asymmetric development of the crystal in the 
early growth stages. This asymmetry is then maintained and enhanced by 
the three-dimensional diffusion field which must re-orient itself to conform 
to the crystal geometry. Thus when a crystal becomes recognizably plate- 
like the lines of diffusive flux will become concentrated towards the edge 
of the plate and ensure that it continues to grow as a plate. 

At temperatures where tp vg and Dp > Dy similar arguments predict 
preferential growth on the basal face and formation of prismatic columns. 

In either case, high vapour supersaturations cause high excess flux of 
material to the crystal edges and rapid nucleation of new layers. New 
layers may then form before earlier ones have completed their traverse 
across the crystal face, and cause hopper development as described in more 
detail in $ 6. 

At very | 
crystal faces can be equaliz 
growth of certain faces muc 
tends to assume a nearly isometric shape, as 


Ow supersaturations, differences in concentration over the 
ed by surface diffusion, making preferential 
h less probable with the result that a crystal 
shown in fig. 1. 


TION ON ICE CRYSTALS BY THE BUNCHING OF 
GROWTH LAYERS 

wn under moderate and high supersaturations, both 
show hopper development. On thin hexagonal plates 
this is barely discernible but arcrystal which; in transmitted light, appears 
transparent and featureless when viewed by specular reflection, is seen 
to be built of raised terraces of concentric steps as shown in fig. 9 (a), (b), (c), 
and diagrammatically, in fig. 7. The surface topography of such. crystals 
has ‘been studied by making Formvar replicas of the surface, stripping, 
and silvering them in vacuo, and then examining them under the micro- 
scope. ‘The formation and movement of the ridges has also been followed 
by time-lapse and ciné-photography. Visible ridges rarely appear on the 
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Ice crystals gro 
plates and prisms, 


growing face unless the crystal diameter exceeds a few hundred microns. 
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Fig. 6 
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Fig. 7 
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The hopper structure of ice crystals. (a) hollow prismatic column; (b) a dish- | 
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We believe that they result from the bunching of much thinner growth 
layers spreading back from the leading edge of the crystal where growth is 
favoured relative to the face centres, because both the concentration and 
temperature gradients are greater towards the edges and corners. The 
growth and amalgamation of layers, varying in height from about 0-01 to 
i 0-1. have been observed on the basal faces of thin hexagonal plates by 
the interference technique described in $2, and the movement of thicke: 
| layers has been photographed on much larger snow erystals growing in the 
; diffusion cloud chamber. 
4 Frank (1958) has shown that the bunching of growth layers may result 
i from the adsorption of impurities on the growing steps. We now propose 
| an alternative mechanism in which bunching may be initiated if, in a 
i family of growing steps, two successive layers are nucleated with spacings 
ii less than 225, vs being the surface migration length for the face in question. 
i With reference to fig. 8 (a), we consider a sequence of growth layers of ; 
i equal thickness spaced at intervals of 8,...85 spreading across a face 
i for which the average migration distance of a molecule is vs. If ô> 225, 
each growing step will receive material from a strip of width vg on either 
side; if 6«2x,, we assume that the flux of material into the step is pro- 
BEA RO ue ee of an unimpeded step (8 > 2a) of 
1 d e Ug. hen from fig. 8 (a), in whi ^ 
and 55, x are Eo we have: QR Cc. cetied ways 2, 
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Equations (8) and (9) must hold simultaneously with 8, and 84 always 
) < 2x, and 84» 22. 


| With t 


n. the initial conditions 8, = A5,8, = A4, when ¢=0, the solutions are: 


: t Vot 
5, = 2as + (225 — A.) sin 20 2a, — A,) cos 2 eee (110) 
2 s + (2as— As) "E (2a — As) TEX (10) 
t tol 
9,-2x,—(2m—A;sin-* — (22s — A3) cos. — . . . (M 
3 = 2% — (2s — As) zm (22s — As) TE (11) 
ô; ' increase with time but must not exceed 22, if the above equations 
are t9 remain valid. This condition restricts the range of values of 
Vallás, Ay, As, for which amalgamation of two layers (8,—0) can occur. 


| If A,— A, — A, the maximum permissible value of the initial separation A 
is (2—/2)as when vy[4z —7[4. Thus while the two steps close from an 
initial separation of (2—4/2)v; — 0-65, an unimpeded unit step (such as 
i No. 1) travels vf 27x, and ô, reaches its limiting value of 2z;. 

During this time 8, has been decreasing; since it must always exceed 
2as for the above analysis to be valid, its minimum initial value A, may be 
calculated by integrating eqn. (7) in which 6; is given by eqn. (11) 
with A,=A,=(24/2)%,. This shows that if 6,=2a2; when 6,=0, then 
A,=(2++/2)as. The changes are summarized in fig. 9. 


Fig. 9 i 
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But according to this simple mathematical model the double step is 
unstable and will tend to split immediately into its components. This 
may be seen from fig. 9. in which a single step follows the double step 
within a distance 22s, the step ahead being out of interaction range. If 
now the double step splits by a small amount, the back component is 
hindered by the following single step, while the front component is not, 
and the separation of the two components increases. 

However, we visualize that separation is prevented because material 
arriving at two very closely spaced single steps of h < xs is shared between 


P.M. : 2M 
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them. In fact, it has been assumed in the derivation of eqn. (1) that there 
is a uniform distribution of material over the vertical face of a multiple 
step. ‘This assumption is justified by the observation that the velocity of 
a multiple step is inversely proportional to its height. This sharing of 
material between the components of a multiple step can occur because, 
although we have neglected the effect so far, a molecule arriving at © 
single step is not immediately built into it, but may diffuse along the stc? 
until it finds a suitable kink site. In other words, in addition to the 
diffusion length across the plane surface of the crystal, molecules have & 
much smaller, but finite, diffusion length along the steps. Now whe: 
two single steps approach each other, so that their separation becomcs5 
appreciably less than this diffusion length, we suppose that it is possibie 
for a molecule to find a suitable kink site on either step. Moreover, the 
closer the steps approach each other, the more pronounced is this sharing 
of material and the stronger the interaction between them. In this way, 
a coupling between the components of a multiple step arises which causes 
them to lock together and the bunch to remain stable. 

Having discussed the formation of a double step in a family of unit steps 
we now consider how bunching of growth layers can produce multiple 
steps. We start from the situation in which one step of height m(> 2) 
M | uen Dc 20) dem dp i iial 

nt upstream step by 2x; and all the other unit 
steps are assumed to remain spaced at intervals > 2x, at all times 
The velocities and rates-of-change of spacing are then given bye 


V, — Ug — Us — Up; (12) 
v= a(i ot 
2m 2x) * (13) 
=% ô 
DE (4) 
GER eet 
- V_)=0)— 3 
5 RA 2 (oes) (18) 
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step 3 travels 2xs/(m— 1) and step 4 moves 225/(1—1/m). If8,is always to 
exceed Ps, its initial value is obtained by integrating (17) to give | 
A, EX d (1—2In 2) | 

(1—1/m) | 

So, if v5 ach stage, a new step moves into the left-hand edge of the 


system vih spacing 
— 91n2 i 
A, 2xs| 1— 1—2In2 5 | 
1—1/m | 


this wil. ciose up to 2x, while the next amalgamation occurs and will 
itself arzo gamate with the (m+ 1) step during the next interval. 

We may test this theory with reference to fig. 2 in which the time taken 
for two steps to close, having reached a separation of 2as, is given by | 
i= (4vs1n 2))Av,, where Ave, is the uniform rate-of-change of separation | 
? represented by AB. From fig. 2 we find that z; — 5:41, Av, — 0:61 psec, i 
hence t= 25sec, whereas the measured time for amalgamation of the steps, j 
as represented by BO, is 50sec. Several other measurements made at 
different temperatures also give times of closure which are about twice 
the calculated values. This discrepancy may be due to the fact that | 
the simplified theory assumes that the current of molecules to the growing | 
step is directly proportional to the length of the ledge if this is less than | 
2%, and that the terraces on either side both contribute equally to the 
growth of the step. 

The distance travelled by an m step in growing to (m+1) units is 
2xs/(m — 1), so the total horizontal displacement of a step while growing 


from 2 to N units high is 


The minimum distance from the growing edge of the crystal at which a 
step of N units may occur is then: 
N-2 
245 3 1 3r ôz + 84 lim +ô; lim = 2025 
1 * 
This agrees quite well 


if N is large, and would be about 70 ab — 15^c. 


i with observation. 
The time taken to build a E of N units is 
IET = (y eX) 
—— Agam E [ml Vo 
= dicen. (if N large), (19) 
Vo 


‘red to form a step of height h is 4hkxsln 2, where 1/k is 
and the time Seas and thickness of a layer and is a constant 


t the velocity a 
he product of ture and supersaturation. At — 15?c and 


quantity for a given tempera 1 t 
water Ms for which 1/k=5x10-°cm*sec™ and z,—3:64, the 


formation of a 5j step requires 1000sec. This also accords fairly well 


with observation. 
2M2 
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$6. HOPPER, SKELETAL AND DENDRITIC GROWTH 
Ice crystals grown at moderate and high supersaturations show hopper 
development. Plate-like crystals may assume the form of a shallow 
hexagonal dish (figs. 7 (b), 10) while the incomplete development of faces 
on prismatic columns may produce the funnel-shaped cavities shown in i 
figs. 7 (a), 11. | 
Seen by specular reflection, both basal and prism faces are seen to be | 
built up of terraces of concentric steps. Steps on the basal faces avo 
nearly circular or hexagonal with rounded corners; on the prism faces the 
steps are nearly straight but may have rounded corners. Crystals grow“ 
on a fibre in the diffusion chamber are usually shielded on one side by the 
support or by neighbouring crystals and tend to develop asymmetrically 
| T in fig. 7 (d); viewed from the underside in the direction of the arrow 
| the steps appear straight as shown in fig. 6 (c). The heights of the steps 
z = M (growing) face of a plate-like crystal vary with the shape of 
the face but usually lie between 4 and 15 while their horizont ius 
| A oM B aeir horizontal spacing 
| If the crystal is practicall bi relati i 
| practically stationary relative to the surround e 
the concentration gradients (and flux) will be greatest DES denies 
n less towards the edges, and least towards the centres of the domi t 
a New growth layers are most likely to originate from the era 
and edges of the crystal where the super ion is hi m 
persaturation is highest and will th: 
spread more slowly as they approach the c ee 
BA entres of the faces wher 
supersaturation is lower. : i ; Mene 
o M ` C z D A CET occurs in the spacing of 
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by later steps for which the lese Ate reduced speed and be caught 
$5. Tn this way visible steps, a few e e ee eeoHbed im 
C A hon P E CE high, may appear within 
saturation along the crystal face, to i ge. The gradient of super- 
Pour steps, allows new growth ie e1 with the formation of large 
earlier ones have completed their Se to form at the edges before 
UBI thickening at the periphor o the face centre. This causes ^ 
HUE he y, accentuates starvation of th 
- ensures hopper development if the lin ; 
ge enough for deep steps to form e linear dimensions of 
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" Fig. 10 
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| ! 
| Dish-shaped plate crystals growing on the ends of needles. The stepped 

| surfaces are plainly shown. i 
x 


A prismatic column showing the hopper development of both basal and prism 
aces. 
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new layers will continually arise there, spread back along CA and CB, and 
bunch until steps of sufficient height are formed at D, E to act as a dam 
for later layers. New growth will then be mainly confined to the front 
DE, CD being of order 202s or 100 p. As the growing tip progresses, the 
concentration gradients towards it will tend to become steeper, layer 
formation and bunching will occur more rapidly, and therefore segments 
DE, GH, ete. tend to become progressively narrower. Increasing the 


Fig. 12 
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| According to this picture, dendritic and sector growth may occur only 
P at relatively high supersaturations and at temperatures where the crystal 
' begin as a thin plate. This is in line with the observations shown 


y similar arguments can be applied to explain the formation of a 
è which results from the rapid sprouting, in the direction of the c 

sf the corners of a hollow prism and the bunching of layers as they 
t vod from the corners across the basal face. 


$ 7. CONCLUDING REMARKS 

“xe basic variations of ice crystal habit with temperature are explained 
iit terras of an observed variation of the mean displacement vs of adsorbed 
molecules and the relative rates of surface diffusion on the basal and prism 
faces. The supersaturation-dependent growth features, such as hopper, 
t» sector, dendritic and needle growth, are also explained in terms of surface 
migration of material and by the spreading of growth layers from crystal 
edges and corners and the bunching of these to form slowly moving, 
blocking steps. 


Fig. 13 


X — 


One arm of a dendrite crystal showing the development of side branches. 


Some of the arguments used in collating and interpreting the experi- 
mental data are admittedly speculative but it does seem possible to 
correlate a number of complex and hitherto unexplained features of ice 
crystal growth in terms of a few rather simple concepts. They are 
presented in the hope that they will stimulate some new thinking and 
suggestions for further experiments. 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


526 On the Growth Habits and Surface Structure of Ice Crystals 


REFERENCES 


Bryant, G. W., HALLETT, J., and Mason, B. J., 1959, J. Phys. Chem. Solids, 
12, 189. 

Burron, W. K., CaBRERA, N., and Frank, F. C., 1959, Phil. Trans., 248, 229. 

FLETCHER, N. H., 1962, Phil. Mag., 7, 255. 

Frank, F. C., 1958, Growth and Perfection of Crystals (New York: Wiley), p. 4:7. 

HALLETT, J., 1961, Phil. Mag., 6, 1073. 

HarrzTT, J., and Mason, B. J., 1958 a, Proc. roy. Soc. A, 247, 440; 1958 >, 
Nature, Lond., 181, 467. 

Konavasnr, T., 1957, J. met. Soc., Japan, 75th Anniv. Vol. 38; 1961, Phil. Mes., 
6, 1363. 

NAKAYA, U., 1954, Snow Crystals (Harvard: University Press). 

Owsrox, P. G., 1949, Acta Cryst., 2, 222. 

Suaw, D., and Mason, B. J., 1955, Phil. Mag., 46, 249. 

VAN DEN HEUVEL, A. P., and Mason, B. J., 1959, Nature, Lond., 184, 519. 


| Digitized by Arya Samaj Foundation Chennai and eGangotri 
| [ew ] 
| The Motion of a Wire Through Ice 


By J. W. TELFORD and J. S. TURNER 
C.S.ILR.O. Radiophysics Laboratory, Sydney, Australia 


| [Received 16 October 1962, and in revised form 28 December 1962] 


ABSTRACT 


The rate of motion of a loaded wire through ice has been measured as a 
i function of temperature. The experiments show that a finite motion is still 
| present at temperatures which exclude the possibility of pressure melting. 
Reasons are advanced which suggest that the explanation of this behaviour 
may be associated with a surface film between the ice and the wire. 


THE explanation of the phenomenon of regelation has been in dispute 
since the introduction of the term by Tyndall (1858). He and Faraday 
(1859) attributed the effect to a thin layer of water on the surface of the ice, 
but this view was attacked by J. Thomson (1859) and W. Thomson (1858) 
who suggested the alternative of pressure melting. More recently the 
water layer idea has received support from the theory of Weyl (1951), and 
Fletcher (1962) has now gone further and predicted the temperature 
dependence of the film thickness. 

Few quantitative experiments have been reported which have attempted 
to measure changes with temperature, or which can even clearly distinguish 
between the two mechanisms. Ina common form of the regelation experi- 
| ment used to demonstrate the effect qualitatively, a weight is hung on a 
| thin wire strung across the top of a block of ice. The interpretation 
| of the results of such experiments is often difficult because of poor tempera- 
ture control, and in particular the flow of heat along the wire from the 
environment could often lead to local temperature rises near the wire, even 
though the bulk of the ice is at a known low temperature. The experiments 
to be described here use essentially the same geometry as this, but with a 
x greater control of the relevant variables. 

A block of ice about 1cm thick was mounted vertically on a solid base. 


A steel wire 0:045cm in diameter was stretched across a heavy frame, 
which was pivoted freely in ball races attached to the base so that the wire 
could move through the ice perpendicular to its length, but with no other 
degrees of freedom. The motion of the wire was measured by means of a 
contact wiping on a fixed length of platinum wire used as a potentiometer 
in a bridge circuit. The position was continuously recorded on a chart 
recorder with a sensitivity of about 1 cmon the chart for 0:004 cm movement 
of the wire. The whole device was contained in a cold box, and the 
temperature measured using a thermocouple soldered to the cutting wire 
very close to the block ofice ; this was also recorded continuously. During 
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| 
the measured runs the temperature in the box drifted by only 0:02?c per | 
hour, and the recorded temperature is therefore believed to be characteri- 4 
stic of the interface between the steel wire and ice. 

Most of our experiments have been carried out with a fixed load on the 
wire of 2-1 kg, and a small range of block thickness with a mean of 1-0 cr 
(Some variation in thickness was unavoidable because of slow sublimatic:- | 
from the block, and this is probably the major source of experimenti. 
error.) The velocity at which the wire sinks through the ice has bee: 
measured with various temperatures for four blocks and the mean resu.:: 
averaged over small temperature intervals are shown in fig. 1. Tie 
accuracy of individual velocity measurements is better than 5%. 


Fig. 1 


Pressure melting 
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| rate; as the temperature of the box was allowed to warm slowly through 
i — 0:520, there was an increase by a factor of 200. We attribute this 

sudden change to pressure melting. With our wire diameter and loading 
pressure under the projected area of the wire in the block was about 
atmospheres, and the lowering of melting point of half a degree is in good 
reement with published values (e.g. see Dorsey 1940). 

The motion, which is still observed at lower temperatures (and which 
would be completely missed without a sensitive recording system), can 
;Serefore not be attributed to pressure melting, but must be explained by 
some other mechanism. If we interpret the results in terms of the flow of a 
thin Newtonian shear layer of viscous fluid round the wire (as suggested by 
¥lotcher’s theory), then the measured velocity V may be shown to be 
related to the thickness d and viscosity y of this layer by: 


| FE /d\’ 
v= - "ERU uw OL 
P i 1275 B : V 


where F is the force per unit length of wire and æ is its radius. The velocity 
variation with temperature might therefore be explained by a change in 
layer thickness with temperature in the sense predicted by Fletcher. If 
we insert his values of d, and the value of 7 appropriate to supercooled water 
in (1) we obtain the points marked by crosses in fig. 1 (Fletcher, private 
communication). The order of magnitude of the measured velocities and 
the variation with temperature seem to be well represented by this theory, 
though the assumption of Newtonian flow in the layer makes an exact 
comparison difficult, as the following considerations show this to be invalid. 
A difficulty with this interpretation becomes apparent when we change 
the load on the wire. Increase in loading does not increase the rate of 
travel linearly ; a change of 50% in P gave three times the rate, so that V 
is approximately proportional to F3. This result is similar to that found 
by Glen (1955) for a compression specimen of ice subject to polycrystalline 
creep, and it raises the question whether creep could account for our 
measurements. While it is not unlikely that Fletcher’s fluid surface 
layer should exhibit non-Newtonian properties, further consideration is 
necessary to clarify the extent to which the movement is associated with 
ye extensive distortion of theice. Itisnot possible in this type of experiment 
i to distinguish between the type of creep where only the more highly stressed 
ice near the wire is able to diffuse around it, and a thin liquid layer. How- 
ever, a comparison of the rate of movement of the wire with the inverse 
of absolute temperature leads to a significant difference. As discussed on 
page 532 of Glen’s (loc. cit.) paper, his results lead to an activation energy of 
31-8kcal/mole. Figure 2 shows the same plot for our results and we 
derive 180 kcal/mole from the line fitting the warmer temperatures. Thus 
the mechanism in our case does not seem to be the normal creep process. 
Í The following observations support the above viewpoint in so far as they 
d show the extensive release of stress by creep in the bulk of the ice to have 
been unlikely. Firstly, the crystals:in the slowly grown ice blocks used 
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were probably much larger than the wire moving through them, so that at 
any time only a few crystals are being affected. Secondly, we froze a 
block round a narrow straight strip of gold leaf (so thin that it was not fully 
opaque to light) and observed directly the distortion of the leaf after th» 
wire had passed through it. The edges of the track were extremely shari, 
with the final displacement less than 0-2 of the wire diameter at the eds» 
of the track and no apparent distortion or breaking of the foil further awe.’ 
Although no theoretical solution is available for viscous or plastic flow rows 
a cylinder, Darwin (1953) has calculated the nature of the distortion of 2 
originally plane layer of fluid in potential flow, and this should give a lowe? 
limit to the corresponding effects in plastic flow. The actual displacemer:5 
at the edge of the track of the cylinder in Darwin’s case is about 0-4 radii, 
and there is severe local stretching during the passage of the cylinder which 
should have led to breaks in the foil if they had occurred in our case. The 
velocity field in the viscous case falls off much more slowly, and we would 
thus expect the effects to extend even further into the ice than Darwin’s 


E 


Fig. 2 
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calculation indicated. Since no distortion was observed, we can have more 
confidence that the explanation in terms of effects very close to the wire is 
hs correct one. 
o summarize, our experiments therefore show that pressure melting 
not always account for phenomena usually described by the term 
‘elation, and that the existence of a thin fluid layer on the surface of ice 
msa likely explanation for the continued passage of a loaded wire through 
> at temperatures lower than those at which pressure melting could be 
»otive. 
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REVIEWS OF BOOKS 


atroduction to Phase-Integral Methods. By J. HgAprNc. Monographs on 

Sysical Subjects. (London: Methuen, 1962.) [Pp. vii+160.] Price 21s. 

5 is probably, as the author claims in his preface, the first book devoted 
“veely to the method of approximation solution of differential equations 
sbor known in the Quantum Theory as the W.K.B.J. method. This can be 
sed back to the early nineteenth century and after reading Dr. Heading’s 
Uly compiled historical chapter one is tempted to suggest Widdicombe 
s a name for the method; nevertheless I believe that I am not unduly 
ased in thinking that a major step forward was made by Jeffreys in a paper in 
this journal in 1942, in which the connection formulae were derived by com- 
parison with two standard solutions of the Airy equation whose phases for 
negative argument differ by 47. This approach is followed, developed further 
and related to the work of Furry: particular attention is given to the Stokes 
phenomenon on crossing boundaries of domains in the neighbourhood of a 
transition point. The author has invented a notation which avoids “ the usual 
conglomeration of definite integrals within exponentials " and without which 
the work could not have been got into so small a compass. It is a pity that he 
has continued Jeffreys’s practice of using h for a large parameter, since so many 
users of the method regard / as earmarked for Planck’s constant. The method 
has applications in other fields and illustrations are given. 

The author deals out fairly even-handed justice to those who have used or 
mis-used the method. With regard to the reference to my own work on the 
potential barrier problem on pp. 12 and 17, it should be said that the result, to 
the first order, for the amplitude of the reflection coefficient is unambiguous, 
provided that the condition given on p. 89 for the preservation of flux is satis- 
fied: this is so for both forms of the connection formulae given by Jeffreys; on 
the other hand the results for the phase differ in the two cases. Caution 

rtainly needs to be exercised here. 

Ee are a few misprints, in particular the omission on p. 32 of * Z0 ° in the 
equation defining an anti-Stokes line. Also the symbols T and k are rather 
overworked. It is to be hoped that Dr. Heading will before long produce the 


more comprehensive mathematical account that he mentions in the preface. 
BERTHA JEFFREYS 


Physique des explosifs solides. By J. BERGER and J. Viarp. (Paris: Dunod, 
1962.) [Pp. 329.] Price 74 NE. i 
Tur work of the French school on detonation processes in solids is of a high 
standard, and compares very favourably with similar investigations being 
made in the U.K., the U.S.A. and the U.S.S.R. It is nice to see a book written 
by two of their leading authorities. Berger is essentially a theoretician and 
Viard an experimentalist, and since the book attempts to cover both aspects of 
detonation, they make a reasonable combination. The book deals with the theory 
of shock waves, electronic, photographic and other methods for the study of fast 
phenomena, detonation in solid explosives, and a number of effects produced by 
the passage of shock waves through solids and gases. A criticism could be that 
the book attempts to cover too much ground, but it does contain a good deal of 
what we want to know about detonation. In this sense it is a good book, and 
should be useful for reference. 
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i r Fri here is no index. There is 

In common with a number of other French books, t ; ; 
also a tendency to be somewhat highbrow. Thus we have pretty oha pios ae 
elements of thermodynamics, but the space could have been use = "i P 
advantage to enlarge on some topics which are only touched on in the body of 
the book. Apart from a few trivial mistakes, there is an error in the fest 
paragraph on p. 171 where the authors refer to the Chapman-Jouguet condit: 
Fig. IV, 2-4. : I 
‘This book can be recommended to those interested in the study of detona: on 

in solids. A. D. Yorrz 
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Principles of Applied Geophysics. By D. S. Parasnis. (London: Methue», 

1962.) [Pp.176.] Price 21s. 

"Tuis latest addition to the Methuen Monograph series aims to give a brief 
but comprehensive survey of the methods used to obtain and interpret geo- 
physical data. The main emphasis is on the application of geophysics to local 
surveys as an aid to mineral prospecting. 

The book describes the techniques in present use which depend on the earth’s 
gravitational, magnetic, electric and electromagnetic properties. Seismic and 
radioactive methods are also discussed. As is inevitable for a short book 
dealing with such a wide subject, the account is painfully concise. Much of 
the mathematical theory is so terse as to be almost incomprehensible: one 
wishes that a fuller treatment of a smaller number of models had been given. 
This fault is largely compensated by the extensive bibliography, though it is a 
pity that an author index has not been provided in addition. 

The price of Methuen Monographs seems to be rising out of proportion with 
the general level of book prices and a guinea does appear excessive for a book of 
this size. Despite the price, this is a book to be recommended to anyone wish- 
ing to learn the scope of modern applied geophysics and where to look for a fuller 
treatment of any particular topic. J. E. EVERETT 
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[Pp. 529.] Price £4 4s. Od. 


XV. Executive editor: A. C. STICK- 
of Physics and The Physical Society, 1962.) 


List of Contents 


. F. Boyle and H. E. Hall: The Móssbauer E. 
d H. : ffect 
ook: Geophysical Results obtained fi i i i 
S WD TNR CRENE rom Satellite Orbits. 


wee Nuclear Reactions with Oriented Target 


ge 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


BOOK NOTICES 


Theory of Electromagnetic Flow-measurement. By J. A. SHERCLIFF. 

‘abridge Engineering Series. General editor: Sir Jonn BAKER. (Cam- 
br*lge: University Press, 1962.) [Pp. 146.] Price £1 7s. 6d. 

Advesces in Applied Mechanics. Vol. 7. Edited by H. L. DRYDEN and 
ds voN KÁRMÁN. (London and New York: Academic Press, 1962.) [Pp. 

327.) Price £4 8s. Od. 


Topics in Engineering Logic. By Morton NADLER. International Series of 
Monographs on Electronics and Instrumentation. (Oxford: Pergamon 
Press, 1962.) [Pp. 231.] Price £3 0s. Od. 

Lectures on the Many-body Problem. Edited by E. R. CaraNrELLo. Lectures 
given at the Second International Spring School of Physics, held at the 
University of Naples, 1962. (New York: Academic Press, 1962.) [Pp. 344.] 
Price £4 4s. Od. 

Progress in Elementary Particle and Cosmic Ray Physics. Vol. VI. Edited by 
J.G. Wirson and S. A.WouTHUYSEN. (North-Holland Publishing Company, 
1962.) [Pp. 344.] Price £4 0s. 0d. 

Permanent Magnets and Magnetism: Theory, Materials, Design, Manufacture 
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1962.) [Pp.556.] Price £5 5s. Od. 

Annual Review of Nuclear Science. Vol.12. Edited by Emunto SEGRÉ. (Palo 
Alto, California: Annual Reviews, Inc., 1962.) [Pp. 633.] Price $9.00. 
Theoretical Physics. By A. S. KouwPANEYETS. (New York: Dover Publica- 

tions, Inc., 1962.) [Pp.592.] Price $2.45. 

"'incipl Mechanics and Dynamics. By Str WizLiaM THomson and P. G. 
ers ds York: Dover Publications, Inc., 1962.) [Part 1, 508 pp.; 

Part 2, 527 pp.] Price $2.35 each. 

St "ie. Physics: Mechanics and Electrodynamics. By P. G. 

E s Mite Dover Publications, Inc., 1962.) [Pp. 280.] 
Price $1.75. 

Basic Theories of Physics: Heat and Quanta. By P.G. BERGMANN. (New York: 
Dover Publications, Inc., 1962.) [Pp. 300.] Price $1.75. 

‘ow Temmerature Physics. Lectures delivered at Les Houches during the 1961 

Eu o of the Summer School of Theoretical Physics, University of 
Grenoble. Edited by C. DEWrrr, B. Dreyrus and P. G. DE GENNES. 
(New York: Gordon & Breach, 1962.) [Pp. 638.] Price $20.00 elothbound; 
$9.50 academic edition. 

j Organic and Inorganic Materials. Edited by Hartmut P. 
d 2 Gatos MARMOR SPRUCH. The book contains the papers and. 
discussion of an international conference on luminescence held at New York 
University. (London and New York: John Wiley & Sons, 1962.) [Pp. 664.] 
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the International Conference on Magnetism and Crysta ; 
Bae e oe 1961. aor of the Physical Society of Japan, 
Vol. 17 Supplements B-I, B-II, B-III. Part I: Magnetism, pp. 718. 
Part II: Electron and Neutron Diffraction, pp. 397. Part LII: Ponor 
Diffraction Study of Magnetic Materials, pp. 71. (Japan: The Physical 
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Recent Developments in General Relativity. Symposia dedicated to Leopold 
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Thc Magnetoacoustic Effect and the Fermi Surface of Cadmium 


By M. R. Dayzent and L. MACKINNON 
Department of Physics, The University, Leeds 


[Received 23 November 1962] 


ABSTRACT 


Magnetoacoustie oscillations have been observed and studied in 99-9999% 
pure single crystal cadmium with magnetic fields between 100 and 4500 
oersted both perpendicular and parallel to the propagation direction of 
30-150 Me/s longitudinal waves. From these results it has been possible to 
deduce the shape of one part of the Fermi surface in the third zone and to 
make certain inferences about the second zone surface. 


$1. INTRODUCTION 


Ar liquid helium temperatures the conduction electrons in a pure metal will 
absorb energy from megacycle ultrasonic waves passing through the metal 
(Bómmel 1954). The oscillatory variation of this absorption as an applied 
magnetic field intensity is varied and is known as the magnetoacoustie 
effect, and this effect has now been observed and studied in several metals 
(see for example the article by Morse 1960). In the particular case of 
cadmium it was first reported by us (see Morse 1960) and it is the purpose 
of this paper to describe the results of our investigation. From the 
experimental results, which were obtained with longitudinal 30-150 Me/s 
waves, it was possible to draw certain inferences about the electronic 
structure of cadmium and these too will be discussed. 


$2. ExPERIMENTAL METHOD 


The basic ultrasonic equipment for studying the absorption variation 
was conventional. Short (1-2 usec) bursts or pulses of megacycle fre- 
quency with a repetition rate of about 2000 o/s were passed to a quartz 
transducer bonded to a plane face of a cadmium single crystal. The 
pulses were provided by an Arenberg type PG-650-C pulsed oscillator, and 
had a frequency between 30 and 150Me/s at an odd harmonie of the 
approximately 10Mo[s fundamental frequency of the transducer. The 
bonding agent was high-viscosity silicone (200) fluid. A second quartz 
transducer, similarly bonded to a parallel opposing crystal face, received 
the ultrasonic pulse after passage through the cadmium; this pulse was 
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then amplified and its rectified envelope displayed on a cathode-ray 
oscilloscope, whose trace was synchronized to the pulse repetition frequency 
of the oscillator. Relative variations in attenuation were observed by 
visual measurement of the displayed pulse height on the scale of the oscilio- 
scope graticule; calibration was carried out subsequently by observing a 
separate pulse, from another oscillator, which had been passed through 
variable calibrated attenuators. 

The cadmium specimen was mounted in a liquid helium cryostat of 
conventional design. A magnetic field of up to 4500 oersted was supplied. 
by an electromagnet, which could be rotated through 360° in a horizontal 
plane around the dewarassembly. The direction of ultrasonic propagation 
was either vertical or horizontal, depending on the observations to be made. 

The magnetic field was calibrated by a conventional search coil technique 
to 0:695 accuracy. Uniformity of field over the specimen was from 3-1%. 
The residual field in the electromagnet was about 15 oersted and, in 
describing the experimental results, this is treated as zero field. 

Two cadmium specimens were studied in some detail. The first was 
grown from 99-9995% pure cadmium; while magnetoacoustic oscillations 
were observed with this specimen, they were relatively few in number and 
the amplitudes were small, so that the detailed information obtained was 
neither as accurate nor as reliable as that obtained with the second specimen. 
It was however consistent with it. This paper therefore mostly deals with 
the work done on the second specimen, which was grown from 99:9999% 
pure cadmium by Metals Research Ltd. of Cambridge. 
machined by them into the form of a rectangular paral 
sound propagation in the three directions, i.e. (to + 2?) 

[1210] over path lengths of 1-35 em, 1-85em E 


: 
j 


Tt was then spark- 
lelepiped, allowing 
, [0001], [1010] and 
and 1-61 em respectively. 


$3. EXPERIMENTAL RESULTS 

The magnetoacoustie observations 
those taken with the field perpendi 
_ direction and those taken with the f 
— 1-3°x and unless, otherwise stated, 


recorded here can be divided into 
eular to the ultrasonic propagation 
eld parallel. All were taken at about 
taken on the second Specimen. 


3.1. Perpendicular Field 
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The main feature of all these curves is that there is present one very strong 
period (in reciprocal field); the oscillations associated with this period 


will be termed group 1 oscillations. 


Fig. 1 
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See V s S oppi in the [0001] direction, with magnetic field 

er endicular The angle between the field and the [1010] direction is 

Pe B= 10° and G=15°. Quoted attenuations are relative to zero 


field. 

the [1210] direction, 68:0 Me/s proved to be the 
king frequency. Specimen results are shown in 
s are again omitted for clarity ; normally more 
of these were required than for the [1010] UE i ELA of EE 
enhanced complexity of the curves. However, it was found tha 2 : 

the attenuation maxima occurred at the same porion as wo a e 
predicted for the group 1 oscillations, allowing for the c anes ini = 
sonic frequency. These maxima are indicated by the p pue ing 
arrows in fig. 4. All the curves taken with this propagation ae ir d 
more complex than those taken when propagation was a ee D ue 
other series of attenuation maxima could be picked out, as shown by the 


upward -pointimg arrows. 


For propagation in 
highest convenient work 
fig. 4. Experimental point 


3.2. Parallel Feld 
imental curves for field and sound propagation parallel to 
Lm EC. already been published elsewhere (Mackinnon et al. 1962, 


2N2 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


540 M. R. Daniel and L. Mackinnon on the 


Mackinnon and Daniel 1962). The most striking results were those 
obtained at 30-6 Mc/s with field and sound in the [0001] direction; here, 
with inerease of field, the attenuation decreased to a very low value while 
large oscillations took place whose maxima were evenly spaced in reciprocal 
field with periodicity (1:85 + 0-02) x 10-3 oersted-!, the last occurring 25 a 
field of 539 oersted. 


Fig. 2 
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by a pulse coincidence technique (Myers et al. 1959) on the first cadmium 
imen ; after correcting the path lengths measured at room temperature 


ium temperatures using the thermal expansion data of Gruneisen 
and C: (1924) and after allowing for transit times in bonds (Myers 1959), 
it was found that the velocity in the [0001] direction was 2517 + 10 msec 


and et “ight angles to it 3798+ 20msec-!. These velocities are estimated 
prebebiy to agree with those found by Garland and Silverman (1960) 
although the elastic constants calculated from them differ] ; we find 
76 € 0-12) x 10!! dyne em? and c3, — (5:60 + 0-05) x 10!! dyne cm™. 


Fig. 3 
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S ] P -opagation of 112 Mc/s longitudinal ultrasound in the [1010] 
Sample eue eerie field 30° from hexagonal axis. This shows 


a typical set of experimental points. 


§ 4. DEDUCTIONS FROM RESULTS 
Tt is convenient here to discuss separately the results obtained with 
fields perpendicular and parallel to the sound wave. 


4.1. Perpendicular Field—Theory 


i illations for this case has been 

The theory of the magnetoacoustie osci ' 
the ubi M a number of theoretical studies (Pippard 1957, 1960, Cohen 
et al. 1960, Gurevitch 1959). The most important conclusion of these, 


T It is believed that this difference may arise from an incorrect conversion 
of kx units to angstroms by Garland and Silverman. 
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from the point of view of this discussion, is that the periodicity in reciprocal 
field is almost certain to be due to coincidence between the spatial orbit of 
electrons on a Fermi surface extremum and the sound wavelength; this 


leads to the equation : 


| 

| 

| 

| 

| 

nlsc Ue EU | 

2 cli N(AIH) | 

where A is the sound wavelength, e is the electronic charge in e.s.u., c is she | 
velocity of light, i =h/27, where h is Planck’s constant and A(1/H) is the | 
| 

| 

| 

| 

} 

| 

| 

| 
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periodicity in reciprocal field of the magnetoacoustic oscillation. For 
free electron, k would be the radius of the Fermi sphere in k-space; for a 
more general form of surface, k would be half the greatest orbit extension 
in a direction at right angles to both magnetic field and sound propagation 
as. It is this equation which is used in the deduction of k-values 
: discussion which follows here. 


4.2. Growp 1 Oscillations 


Group 1 oscillations are the dominant oscillations for propagation along 
[1010] and also can be extracted from the oscillations along [1210]. The 
periods of these were obtained by first identifying the positions of attenu- 
ation maxima. Then a straight line was fitted, by the method of least 
squares, to the equation : 


— =an+c, BREMEN Gr a 2) 


where H is the field value in oersteds at which the nth attenuation 
maximum occurs, the n’s being appropriate integers in order from the 
highest field down. The Leeds University Mathematics Department 
Ferranti Pegasus computer was used for this calculation. Both the 
required periodicity (a) and the phase factor [c/a] were computed, together 
with their standard deviations, for all observations where five or more 
maxima in the series could be identified. From the periodicity (a), eqn. 
(1) was used to obtain the appropriate k-value ; the necessary fundamental 
constants were obtained from Kaye and Laby ( 1 959). 

The resulting k-values for the group | oscillations are presented in 
table 1. Remembering that they indicate k-values at right angles to field 
and propagation, it can be seen that they are consistent with an approxi- 
mate ellipsoid of revolution about its minor axis; [0001] in k-space. 


4.3. Other Oscillations 


s it clear that relatively few periods were observed when 
sound was propagated in the [0001] direction. As a result, k-values 
obtained from these observations are not very reliable ; they lie mostly in 
the range 0:12 to 0:25 4-1, and no reliable systematic picture of their 
jati built up. ; 
bc E of the EU of magnetic field with sound propagation 
along [1010] itis possile to pick out an oscillating period other than group n 
but reliable k-values are not obtainable other than one of 0-74 + 0-014 
for H at 70° to [0001]. : 
Along [1210] it was nearly always possible to pick out a second period. 
Table 2 lists the more reliable k-values obtained in this way. Those found 
from five or more maxima were again computed from a least squares fit ; 


the remainder are good to 5-10%. 


Figure 1 make 
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4.4. Open-orbit Resonance 


At the left-hand side of curve G of fig. 2 a small sharp attenuation 
maximum can be seen. This is the open-orbit resonance, recently 
reported by Gavenda and Deaton (1962). If one assumes n= 1 and c=0 
in eqn. (2), the k-value obtained from this maximum is 0:550 + 0:016 /.—. 
The similar peaks in curves E and F are discussed later. 


Table 1. Electron k-values, in 4-1, calculated from group 1 oscillations, 
for various angles, 0, between the direction of the magnetic field and 


[0001]. ‘The direction of sound propagation is shown at the top of 
the column 


[1010] [T210] 


= 10° (=10°) 


ix 0-652 + 0-008+ 
0° 0-714 + 0-020 0-729 x 0-011 
po a 0-714 + 0:013 

10° 0-630 + 0-009 0:72} 
15° = 0-566 + 0-012 
20° 0-501 + 0-008 0-491 
25° = 0-490 + 0-018+ 
30° 0-409 + 0-008 0-409 + 0:006 
35° 2 0-384 + 0:007 
40° 0:347 + 0-010 0-352 + 0-010 
50° 0:319 + 0-010 0:319 £ 0:007 
55° = 0-289 £ 0-004. 
60° 0:277 + 0-004. 0:29} 
70° 0:262 + 0-004. 0-259 + 0-006 
80° 0:256 + 0-004. 0-245 + 0-007 
n amo 0:249 + 0-003 0271 
ue - a = 0:241 + 0:005 
RR — 0-267 £ 0:007 

130° (250 0-312 + 0-005 399 40. 

140° (=40°) 0-357 + 0-005 e n 

150° (2309) 0:413 x 0-005 


0-461 
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where v, is the z component of the electron velocity and A is the area of the 
orbit in k space, the integral being taken round one electron orbit. If this 
is now equated to a multiple of the sound wavelength, it follows that 


n= — — 
eH Ok 
and, iz shis is a condition for an absorption maximum, we may expect 
yscills,sions periodic in (1/H) such that i 
9A eios | 
- = =\A\—-—__.. So i ee 
Ok, - oh AQTH) (4) | 
The experimentally observed period leads to a value of (0A/Ok,) of i 
0-68 + 06-01 Å=. Í 
We are indebted to Pippard (private communication) for pointing out | 
eqn. (4) to us, using an alternative derivation. | 
Table 2. Electron k-values, in À-!, calculated from oscillations other than 
those of group 1, when the sound propagation was along [1210]. 
The angle 0 is the angle between the magnetic field direction and 
[0001] | 
| (a) Calculated from five or more maxima | | 
8 k | 
25? 0-75. 30:02 
ize 0:44 3002 
60? 0:772 + 0-013 
70° 0-560 + 0-014 
80° 0:728 £ 0-016 
(b) Calculated from fewer than five maxima (+5-10%) 


0 : k 
; pe 
Maea S 


10°%1=10° 1-27 
I 107 0:80 | 
15° 0:62 
20? 0:61 
30° 0:35 
35? 0:71 
40° 0:58 
559 0:83 
60? 0:97 
100%(=80°) ne 
150°(=30°) 0:55 


§ 5. DISCUSSION 
The clectrons which absorb sound and thus give rise to magnetoacoustic 
ose on the Fermi surface of the metal. It is therefore 
information about the Fermi surface which will be provided by magneto- 
Without necessary reference to any theoretical form of 


effects are th 


acoustic studies. 
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this surface, the group | oscillations have already indicated one ellipsoidal 
sheet. The parallel-field oscillations have also suggested a sheet with a 
certain rate of change of area along the hexagonal axis. It is now of 
interest to compare these and the other results with the theoretical form of 
the surface. 


Fig. 5 


ZONE | A 
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Aaa : e 
: s m Ki these figures to liquid helium temperatures, one obtains 

2 snd d = 531A (c[a— 1-864). The reciprocal lattice of this 

re takes in effect the form of a simple hexagonal lattice, close- 
L in the zy plane with lattice points gpm’ by 2:444 e d 
Rives in the z direction separated by 1-136 À-!; this last distineo wil 
: adt overall height of the hexagonal prism which forms the first 


Diagrams to illustrate how the free-electron Fermi sphere of cadmium may be 
expected to cut the Brillouin zone boundaries and to be distorted. by 
them. ‘These diagrams illustrate how the zone occupancy shown in 


fig. 5 arises. (d) and (b) represent cross sections through the zone 


centre; (c) illustrates a zone edge, zones 1 and 3 lying within the hexagon 


and zones 2 and 4 outside. The [0001] direction is vertical in all three 
diagrams. 


siderations have suggested that there may be no 
energy gap across the top and bottom faces of this zone (i.e. the faces 
perpendicular to the hexagonal axis). However, Cohen and Falicov (1960) 
have suggested that spin-orbit coupling may in fact lead to am energy gap 
along this face. Furthermore, Gavenda and Deaton (1962) have pointed 
out that the open-orbit resonance ($4.4) indicates a Fermi surface periodic 
along the z direction with this first zone periodicity. ‘The experimental 
k-value quoted here corresponds to a periodicity of 1:100 + 0-032 A. 
The comparable case of zine has recently been discussed by Joseph and 
Gordon (1962) and by Harrison (1962), where it is felt that de Haas-van 


Alphen effect measurements require such an en 


Structure factor con 
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It is therefore reasonable to presume that it may exist in cadmium and to 
discuss the present results on this basis. 

Assuming that cadmium has two conduction electrons per atom and 
that the lattice spacings are as quoted, the radius of the sphere in k-syace 
that would just accommodate these electrons as free electrons is 1-410 5-1, 
The construction suggested by Harrison (1960) now leads to the Fermi 
surface shown in fig. 5. "The main features of this are as follows ; 


Zone 1. Hole pockets at zone corners, which could extend continuously 
in the [0001] direction. 

Zone 2. A complex hole surface, consisting of arms at zone corners 
joined parallel to [0001] and joined laterally midway up the 
zone. 

Zone 3. Electron surfaces, ‘lens shaped’ and ‘ butterfly’. 

Zone 4. Small electron pockets. 


Figure 6 illustrates the origin of these portions of surface by showing 
how the free electron sphere cuts the zone boundaries. 


5.2. The Approximate Ellipsoid from Group 1 Oscillations 

It is immediately apparent that the 

the group 1 oscillations is very lik 
electron surface in the third zone. 

by fig. 7. It can therefore be sup 


approximate ellipsoid found from 
e the convex lens-shaped part of the 

The measure of agreement is shown 
posed that these observations corre- 
ce, and provide a measure of its size. 
S part of the theoretical surface is the 


ae at zone boundary = 0.92 +0-03ev. Elec 
0, ) of surface = (1-58 + 0-06) X1l0*emsec-l (Thi b 
: a theoretical veloci í E 


3 € free electron mass. 
V (the free electron value would be 7-73 ev). 
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The only suitable available experimental evidence for comparison 
purposes is the cyclotron resonance data of Galt et al. (1961). This 
includes a cyclotron mass of (0-40 + 0-02)m, for a field along [1210]. 


5.3. The Zone 2 Hole Surface 


Phe ocen-orbit resonance already discussed is most likely to arise from 
:5;$ of the Fermi surface, as this is the only part certain to extend 
t govess the zone in the [0001] direction. The results obtained here 
gees that extended orbits are still possible with the magnetic field at 
10° and 20° from [1210] in the [0001] direction (see fig. 2 (E) and (F)). 
This would seem to mean that the hole arms along [0001] are thicker at 
their minimum dimension that the free electron (Harrison's) construction 
suggests; this incidently provides additional support for adopting the 
single-zone scheme. 


Fig. 7 


FREE ELECTRON SURFACE 


SCALE IN À-! 
O O.I 0.2 0.3 040.5 
LLL LLL ALL ed 


Comparison between the observed electron surface (solid line) and the free 
electron (Harrison’s) construction surface for the third zone. 


The construction a : 
laterally. Fawcett (1961) concludes from magnetoresistance studies that 


joi 'e pinched off, thus isolating the arms. The magnetoacoustic 
jen e some slight support for Faweett's gona aio in oe 
the hole orbit expected when Ue ees dimension of the ellipsoid is 
i à ot been identified. 
UE E s which occur with field and a. 
both along [0001] would also appear to arise from this part of 2 e d 
surface. With the field in. this direction, orbits round the hole ae 2. 
be highly distorted helices in real space; such helices would be li = to 
produce the oscillations observed with the peaking characteristic o open 
orbits—the helices being open orbits in real space. ‘The ut electron 
construction for this zone gives (0A [0h;) varying from 0-77 A-1, when the 
orbits first become possible at the thicker part of the arms, to somewhat 
lower values when the arms are thinner, thus passing through the observed 


]so suggests that the hole arms are joined together 
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value of 0-68 0-01 A71. It seems likely though that oscillations are more 
clearly defined than this free-electron model would appear to allow: this 
could be interpreted both as support for the idea that the joins between 
the arms are pinched off and again as supporting the adoption of the sing!e 
zone scheme. 

5.4. Other Information 


While a number of other k-values have been deduced, it is not easy to 
correlate these definitely with any one part of the Fermi surface. It is 
probable that many of them, particularly those of greater magnitude, 
arise from orbits on the second zone hole surface. Some features of the 
observed effects are not easy to account for; for example, with field along 
[0001] and propagation along [1010] (see fig. 2 (A)), there is a very high 
absorption maximum at 1000// = 1-67 oersted-!, which does not belong 
to the group 1 oscillations. "The cause of this is-not clear. 


$6. CONCLUSIONS 


This investigation has shown that the magnetoacoustic effect can be 
very marked in cadmium and that it can be used to infer features of the 
Fermi surface of the metal. One sheet of the surface in particular, has 
been well defined. There is furthermore clearly more information to be 
obtained ; however, to do this usefully will entail an improvement in 
certain experimental techniques, especially crystal orientation 
ultimately only to + 1°) and uniformity of magnetic field. A 
of visual recording by automatic techniques should both spee 
e Rs the risk of failing to observe small variations in th 

en these improvements are possible, it may prove wor iler i 
o z ae as allowing the field to Tose OUS ay eae 
ane NUS ooking tor systematic variations in periods where they h 
to be found. It is felt though that as much has ee 
niques immediately available as can usefully Bion i DE 


investigation has reinforced the claims of the magnetoacoustic effect to be 


a useful method of studying the electronic structure of a metal 


(here known 
replacement 
d up working 
e attenuation. 
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Then, by considering the situation at point P, it can be seen that the 
difference in area 6A between the orbits round PQ and RS is given by 


—§A= j dk, tan 0 dk, 


where the integral is taken over the orbit round PQ, of elements of circum- 
ference dk, and 0 is the angle between the plane of the surface and z axis. 


As ôk, is constant, this may be rewritten as: 


_ oA . tan 0 dk. xc s (VAN II) 


Inspection of the figure shows that 
unnm == (&2) 
Vy 
i Jectron in rea! 
à i components of the velocity v of the e 
where M : o 2, v being normal to the Fermi surface. 


3 allel and perpendicular t ] ce. 
Now the ME of eto of an electron in a magnetic field along z 1s: 


dk Hew, 
f — ———5, 


dt C 
so that 
i= Zoi ee ARS) 
ch 
Substituting from (A 2) and (A 3) into (A 1) and then rearranging, it follows 
that 


ch 0A 
foii- — cH Ok.” 


which is eqn. (3) of the text. 
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ABSTRACT 


Analysis of the diffraction contrast produced by parallelogram and other 
loops in quenched aluminium-196 magnesium indicates that all the loops 
are produced by vacancy agglomeration. Consideration of the parallelogram 
loops which lie on {012} planes shows the importance of knowing the exact 
crystallography of the loops being analysed. The vacancy result, which is 
of course expected, lends confidence ta the geometrical method of analysis and 
shows that this can be used when the Burgers vector is not perpendicular 
to the loop. 


$1. INTRODUCTION 


IT has recently been realized that it is possible to determine, from a know- 
ledge of the diffraction conditions, whether the dislocation loops observed 
by transmission electron microscopy in quenched and irradiated materials 
are formed by the condensation of interstitial atoms or vacancies. ‘This 
technique was first applied to the loops formed by cross slip during the 
deformation of magnesium oxide (Groves and Kelly 1961, and erratum 
1962). The first analysis of the loops formed by point defect precipitation 
was the identification of vacancy loops in quenched aluminium by Howie 
and Segall (1961). This analysis might be incorrect however, since it 
appears to have been done before it was realized that the image suffers one 
more inversion in the Siemens Elmiskop microscope than the diffraction 
pattern (Groves and Whelan 1962). This will reverse the sign of the result. 

Ruedl et al. (1962) have analysed the parallelogram loops formed in 
a-particle irradiated platinum and have identified them as vacancy. The 
exact crystallography of the loops was not realized however, and neither 
was the Burgers vector of the individual loops precisely identified. Another 
determination, in «-irradiated aluminium by Mazey et al. (1962), indicates 
that the loops are interstitial. This determination appears to be unam- 


biguous and the photographs are sufficiently clear for the reader to check the 
1 o 


result for several loops. In this case also, however, neither the precise 
loop plane nor the Burgers vector is positively identified for the individual 


loops used. : : 5 ze : 
This identification of vacancy loops in platinum and interstitial loops in 


aluminium after o-irradiation raises a number of very interesting possi- 
bilities. Before these can be explored however, it is desirable that these 


P.M. 3 20 
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results should be independently verified. Asa check on the med sy je 
whole technique the sense of quenched loops in aluminium has sen à e er 
mined. Since it is unlikely that these can be other than ch ops 
the experiment serves as a confirmation of the correct nee s t ne a Sos : 
analysis. The importance of knowing the exact (LU "and ay A ds : 
loops was shown by preliminary results obtained using parale ogr ex à ; 
in quenched aluminium, whiċh gave mixed interstitial and vacancy tot 
This situation was not resolved until the erystallography l and Burgers 
vector of these loops were determined (Makin and Hudson 1963). 


$2. EXPERIMENTAL DETAILS 

Foils of Al-1% Mg were quenched from 600°c into silicone oil. The 
electropolishing solution was 20% perchloric acid in methanol and the 
specimens were examined in a Siemens Elmiskop I microscope. 
- Bach specimen was clipped to a microscope grid to facilitate finding the 
same area after removal and re-insertion in the microscope. ‘This was 
necessary because, in the absence of a goniometer stage, tilting through a 
large angle was accomplished by replacing the normal cooling ring by a 
split ring, ground to an angle of 30° to the horizontal. The sense of the tilt 
and approximate direction of the tilt axis were recorded. However, to 
accurately determine the tilt axis it was necessary to measure the ratio of the 
distances between widely separated features in various directions in the 
tilted and untilted photographs. The ratios obtained at regular angular 
intervals from the reference line lie on a sinusoidal curve from which the 
position of the tilt axis can be determined to +5°. It is usual for the mag- 
nification of the tilted photograph to be slightly smaller than that of the 
untilted; this is due to the change in the specimen position when using the 


tilt rings. All plates were printed emulsion side upwards to obviate the 
lateral inversion which otherwise occurs. 


$3. THE DIFFRACTION Contrast METHOD 


The method whereby the position of the diffraction contrast can be used 
to determine the nature of the loop has been described in detail by both 
Groves and Kelly, Ruedl et al. and Mazey et al. and. will only be briefly 


reviewed here. The method depends upon the fact t i a 
contrast produced when only p act that the diffraction 


one side of the actual positio 

Using the so-called geom 
although exactly equivale 
positive or negative sign t 
side of the dislocation whi 


; which is formed b a 
of scattered rays by the reflecting plane. When the bright Kieoh Tine 
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is at a greater angle to the electron beam than the diffracted beam, then the 
angle between the electron beam and the crystal plane is greater than the 
Brags angle and vice versa. 


To carry out the analysis of the sense of a loop it is necessary to determine 


only see quantities. Firstly, on which side of the dislocation the contrast 
occu" s for given diffraction conditions. This is particularly easily deter- 
mince. for a loop since when the contrast changes from one side of the 
dislosstion to the other the loop noticeably changes size. In addition, in 
gooc. »notographs the contrast has a noticeably sharper edge on the side 
neare: to the dislocation. Secondly, the orientation of the loop in the foil 


must be known and in particular on which side of the vertical the loop pole 
lies. ‘This can be found by rotating the foil through a large angle and 
observing the change in shape. Although it is desirable that the axis of 
tilt should be parallel to the major axis of the loop image it is perfectly 
possible to work with loops where this is not so because of the apparent 
rotation of the loop image on tilting. The remaining unknown is the 
Burgers vector of the loop and it is desirable that this should be precisely 
known for the particular loop being analysed. Information about the 
vector can be gained from the fact that a dislocation only gives good 
contrast when the Burgers vector does not lie in the reflecting plane. 

In the geometrical method no attempt is made to give a sign to the 
Burgers vector, which is merely regarded as lying in either sense along a 
crystal direction. In the formal method it is necessary to define the sense 
of the Burgers vector as well as its direction. This definition of sense 
depends upon arbitrary conventions and is merely a device to distinguish 
between interstitial and vacancy loops. The basis of the geometrical 
method is illustrated in fig. 1 where an edge dislocation is shown together 
with the reciprocal lattice vector g of the strong Bragg reflection producing 
the contrast (hereafter g is termed the diffraction vector) and the corres- 
ponding reflecting plane AB. The extra half plane can be drawn parallel 
to the reflecting plane, the only restriction being that it must always lie 
on the same side of the plane defined by the dislocation line and the Burgers 
vector. In the electron microscope gis always nearly perpendicular to the 
electron beam so that the direction of viewing the dislocation is nearly 
parallel to the reflecting plane. In fig. 1 suppose that the direction of 
viewing is from A. Under constant diffraction conditions the contrast 
remains on the same side of the dislocation while g lies tol the right, i.e. 
when y% is between 0° and 180°. When y is between 180° and 360° the 
contrast shifts to the other side of the dislocation, as viewedfromA. Hence 
the contrast changes side when the resolved component of 8 along the 
direction of the Burgers vector changes from one side of the dislocation to 
the other. ‘Thus the actual position of the extra half plane is immaterial, 
In the experiment, however, the position of the contrast is determined with 
respect to a loop and the orientation of the loop plane must be known. 
Analysis of the geometry indicates that the contrast now changes from 
inside to outside the loop or vice versa when the resolved component of g 
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along the direction of the Burgers veotor crosses the Ibn pine. ea 
vacancy loop, for instance, if the reflecting plane is at a greater 2 ; d 
the electron beam than the Bragg angle 8, then the contrast is outside ene 
the resolved component of g along the Burgers vector lies below ns pep 
plane, i.e. on the opposite side of the loop to the electron beam. W lign 2 e 
component is above the loop plane then the loop is in inside contres 
The reverse is true for an interstitial loop. 


Fig. 1 
ER cc Diffraction 
N Sq BS E s Vector g 
B v 
: p S Z Line of 
a Dugrsvector. 


s By 
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Diagram illustrating the rotation produced in an arbitrarily chosen reflecting 


DM by an edge dislocation whose Burgers vector lies at an angle 
Ap to Ab. 


urge vector does not have to be perpendicular to the loop plane, 

the geometrical method to be applicable ; in fact, the method 
to ure screw dislocations, i.e. when the vector is 
ocation. To demonstrate the analysis a practical 


Tan 


"n 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Diffraction Analysis of Vacancy Loops in Quenched Al-1% Mg. 557 


;2:responds to a rotation of 180° in the projection. The specimen was 
c tilted 30° about the axis, and in the direction, shown in fig. 2 (c) 
and (c), and the loops again photographed in two positions of diffraction 
g, and g, (fig. 2(e) and (f)). By replotting the directions of the 
les after tilt it is clear that for loop 1 both sides have rotated anti- 
clockwise, whereas for loop 2 the sides, previously parallel to those of loop 1, 
have rotated in the opposite sense, i.e. clockwise. To avoid confusion the 
sides of loop 1 are plotted in fig. 2 (c) and those of loop 2 in fig. 2(d). The 
projections of the directions of the sides after tilt are now rotated in the 
stereograms about the tilt axis so as to return them to the untilted specimen 
position. "This gives the curved dashed lines shown in the stereograms. 

The projection of each side of each loop is now represented by two lines, 
a continuous one obtained from the untilted photographs and a curved 
dashed one obtained from the tilted photographs. The point of coin- 
cidence of these two lines is the actual direction of that side in the untilted 
photographs. It will be noticed that at one side of the stereograms the 
two lines converge, whereas at the other they diverge. From the stereo- 
gram, fig. 2 (c), it is clear therefore that loop 1 has sides [231], [231] and 


Fig. 2 
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; (f) 
(a) and (b). Geometrically similar parallelogram loops in two positions of 
diffraction contrast g, and gą. Loops land 2 are in opposite contrast in 


pu n actual directions of the lo 

e) an ). The same area as fig. 2 (a) and (b) in t iti 
ffraction contrast g, and g, stili ; o postion igi 
E ae iP SPP Eng onus about the axis and in the. 
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d) that loop 2 has sides [231], 


t I i 2 B . 
hence lies on the (102) plane, and from fig. ve vafe Dp AER 


‘ dlies on the (102) plane. This proce a8 2 NE | 
iuum sides before and after a large angle of tilt is Didi owe 
- of parallelogram loops, since the tilt axis rarely m xd ed 
diagonal d confusion can occur if the usual method o g only 
the width of the loop is used. 
Fig. 3 
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It has been previously shown by Makin and Hudson that the Burgers 
vector of a (102) loop (loop 1) is along [101] and that of a (102) loop (loop 2) 
along [191]. 

Reference to the photographs shows that loop 1 has outside contrast 

diffraction vector is g, and g, and inside contrast in g, and g,. 
p is greater than the Bragg angle 0 and the loop orientation is 
pccoisely. This information is shown in fig. 3 (a), where the loop 
yi : ia the [010] direction. 
The resolved component of g, along the line of the Burgers vector lies 
lowtheioop. Since dis greater than the Bragg angle 0 and the contrast is 
outside the loop (at A) the extra half planes must lie in the reflecting planes 
as shown in fig. 3(a). Since these extra half planes can be rotated into the 
plane of the loop without crossing the plane BC, which contains both the 
dislocation line at the edge of the loop and the Burgers vector, then the 
loop must be a vacancy loop. The same procedure for loop 2 is shown in 
fig. 3 (b) and in this case the contrast is inside when the resolved component 
of g, along the Burgers vector is above the loop plane. ‘This is correct 
for a vacancy loop lying on the (102) plane. 

A total of 17 unambiguous determinations of the loop sense have been 
made on hexagonal, circular and parallelogram loops and the same result, 
i.e. vacancy, has been obtained in every case. 


$5. SUMMARY 


Analysis of the diffraction contrast indicates that all the loops examined, 
including the {012} parallelogram loops, in quenched aluminium-195 Mg 
are formed by vacancy agglomeration. Consideration of the parallelogram 
loops shows how important it is that the exact crystallography of the loop 
being analysed should be known. The result, which is of course expected, 
lends confidence to the geometrical method of analysis and shows that this 
can be applied even when the Burgers vector is not perpendicular to the 
loop. 
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ABSTRACT 


Molybdenum and niobium wires 1mm in diameter were irradiated to 
epithermal neutron doses of 1, 2, 3 and 4x 10!? n.v.t. at a temperature of 
about 40?c. The thermal recovery of the increases in electrical resistivity 
caused by the irradiations was studied by plotting isochronal recovery curves 
for each neutron dose and metal. These curves revealed recovery stages at 
about 1609c for molybdenum and 120?c for niobium. From the results of 
isothermal recovery measurements it was found that the associated activation 
enthalpies were 1-25+0-08 ev for molybdenum and 1-22+0-02ev for 
niobium. In both cases a plot of the magnitude of the recovery stage against 
the neutron dose showed a maximum at a dose of about 3 x 101? n.v.t. 

The interpretation of these recovery stages is discussed in terms of a model 
in which the defects responsible for the recovery, which aro probably lattice 
vacancies, diffuse either to interstitial impurity atoms, where they are trapped, 
or to defect clusters created by the irradiation, where they are annihilated. 
In lightly irradiated specimens trapping by interstitial impurities is believed 
to be the dominant mechanism, but annihilation at clusters probably becomes 
more important as the neutron dose increases. 


TuS 


$1. INTRODUCTION 

the increase in electrical resistivity caused by 
ve revealed three well-defined recovery stages 
— 170? and. +150°c respectively (Kinchin and 
Thompson 1958, Ibragimov and Lyashenko 1960, LLucasson and Weites 
1962, Nihoul 1962). The third of these, generally referred to as see 
IIL’, has also been observed in molybdenum that has been deformed 
plastically at room temperature (Martin 1957, Peiffer 1958). The m 
of Stage III recovery is still uncertain but 16 has generally been attril ute 
to the annihilation of lattice vacancies. Inthe case of irradiated son 
it has been shown to be accompanied by 2 release of stored energy " xm z 
and Thompson 1958), & contraction of the specimen (Adam na ar n 
1958), and increases in the yield stress, the temperature Ge ae 0 
the yield stress, and the ductile-brittle transition temperature (Jo ee 
et al. 1962), but it is not yet entirely clear by what mechanisms t ese 
e brought about. Recent work has shown that the recovery, at 
d specimens, is not accompanied by any 


Srupius of the recovery of 
irradiating molybdenum ha 
occurring at about — 230^, 


changes ar out. 
least in fairly lightly irradiate 
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structural changes which can be observed by transmission electron 
microscopy (Kerridge et al. 1962). T 

The only other work on Stage III recovery in a body-centred mbic 
metal so far reported has been on irradiated and deformed tungsten using 
the electrical resistivity method (Kinchin and Thompson 1958, Sel: tz 
1959, Neimark and Swalin 1960, Thompson 1960). There is clear: a 
need for further work on both molybdenum and tungsten and for exp:c«- 
atory work on other body-centred cubic metals. In this paper sc 
electrical resistivity measurements are reported of the dependence on 
neutron dose of Stage III recovery in molybdenum and what appears to 
be a similar recovery stage in niobium. 


$2. ExPERIMENTAL METHOD 


Molybdenum wires 1mm in diameter were prepared from an arc-cast 
deoxidized ingot supplied by the Armaments Research and Development 
Establishment, Woolwich. Niobium wires of the same diameter prepared 
from sintered niobium were obtained from Murex Ltd., Rainham, Essex. 
The nominal impurity contents of the two materials, as stated by the 
suppliers, are shown in table1. Before use, the niobium wire was annealed 
in vacuum for one hour at 1300°c. The molybdenum wire was annealed 
at 1350°c by being passed twice through a hydrogen-filled tube furnace of 
working length 30 cm at a rate of 5 metres per minute. 

Several six inch lengths of both types of wire were mounted in each of 
four aluminium irradiation canisters. The canisters were then evacuated, 
filled with argon to a pressure of 0-5 atm. and sealed by argon-arc welding. 
The irradiations were carried out in the reactor BEPO at A.E.R.E., 
Harwell, at a temperature of about 40?c. Irradiation times of 3, 69 and 


Table 1. Nominal impurity contents of the molybdenum and 


niobium wires in wt.% 


Impurity Molybdenum Niobium 
Oxygen <0-0019 7» 0:059, 
Nitrogen ~ 0-003 2 ~ 0.0023, 
Carbon 0:008% —0-019/" 
Silicon ~0:002% 70-0257 
Tron 0-019/ 70-0397 
Aluminium == ~0:03 PA 
Tantalum — «0:39/ A 
70 
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'l'o make the electrical resistivity measurements, current and potential 
leads : spot-welded onto each irradiated specimen and onto a set of 
uniressiated specimens. The absolute electrical resistivity of each was 
thea “.easured at the temperature of liquid nitrogen. The dimensions 


were sneasured using a travelling microscope and a micrometer screw 
gavc- ond the electrical resistances using a Diesselhorst potentiometer 
and o standard resistor. Each of the irradiated specimens was then used 
for ¢.2-ries of isochronal or isothermal recovery experiments. "Therecovery 
was followed by comparing the resistance of the irradiated specimen with 


that of a standard unirradiated specimen of the same material after each 
annealing treatment. The measurements were made with both the 
irradiated and standard specimens immersed in liquid nitrogen. Full 
details of these techniques and of their accuracy and an account of the 
methods used to anneal the specimens have been recorded elsewhere 
(Peacock 1961). 

§ 3. THEORY 


The procedure adopted was similar to that used in most earlier point 
defect studies. Isochronal recovery curves were plotted for each metal 
and neutron dose so as to establish the temperature range or ranges in 
which rapid recovery occurred. Isothermal recovery curves were then 
obtained for temperatures in each of these ranges so as to obtain the 
associated activation enthalpies. The equation of such a curve is: 


dR — #(Ryexp(-AH LD) ED 


where R is the contribution to the electrical resistance of the defects which 
are annealing and AH is the activation enthalpy for their diffusion. The 
form of f (R) depends on the kinetics of the annealing, i.e. on the mechanisms 
by which the defects are being annihilated or are coalescing into RA 
Tt is assumed that f (E) is independent of temperature. ‘The va i of : 
cannot of course be obtained from a single curve but may be a l y 
plotting part of the recovery at some temperature T, and r ae e 
at a higher temperature Ts. Since the value of f (E) a the a an um 
the temperature is increased is common to both curves we have ir 


eqn. (1): 


a 


LT Ts lI (d.R]dt)s ccn E) 


AH= gU, 8° (Ride), 
are the gradients of the two curves at their 
ice it i lly possible to make several suc- 

i tact. In practice it is usually c 
e. pe e increases before the recovery 1s complete, and hence 
to obtain several values of AH from each specimen. 

The analysis can be taken a step further if, as in fact occurred in most 
of the experiments reported in this paper, f (R) comes out to be approxi- 
mately proportional to R. This type of behaviour is to be expected if the 
defects are being annihilated at fixed sinks whose concentration does not 


where (dR/dt), and (dR/dt)» 
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| change with time. The relation between f (E) and F is then: 

| E A cus s. (8) 
| j 


where Z is the coordination number of the lattice, v the atomic vibrs 3 
frequency and AS the activation entropy for the diffusion of a def iC 
numerical values are assumed for v and AS, eqns. (1) and (3) can be ~sed 
to calculate a value of j for each isothermal, and this is valuable as =, sine 
as to the nature of the sinks. The problem of choosing values for v 2nd 
AS is a difficult one and will be discussed briefly below. 


$4. RESULTS 
4.1. The Increase in Electrical Resistivity Due to Irradiation 


Measurements of absolute electrical resistivity were carried out on 
four unirradiated molybdenum wires and on four wires from each of the 
four batches of irradiated specimens. The results from each type of wire 
were averaged and are shown, together with calculated r.m.s. deviations, 
in table 2. They can be fitted to the equation : 


8p = 0-037 (ft)? 54 uQ em, pe ee by NOD) 
where $f is expressed in units of 1018m.v.t. 
made on unirradiated and irradiated niobium 
much scatter for the relation between dp and 
scatter was attributed to inhomogeneity in th 


| 
| 


Similar measurements were 
wires but these showed. too 
$t to be determined. This 
e composition of the wires. 


Table 2. The effect of irradiation at 40?c on the 


electrical resistivity 
of molybdenum at — 196° 


Neutron dose Electrical resistivity 


Increase in resistivity 
eee ee Ss, 


= 0:532 + 0:002 u Q cm 
1x10? nv.t, 0:659 + 0-006 uQ 00 
+ LOQ cm 0:127 +0- 
2. w nv.t. 0:720 + 0-006 u Q em (RUE 5 Um 
X 105 n.v., 0:756 10:008 u Q em 0:224 + 0:003 4 Q 
4 x 1019 nv.t, 0:764 0-003 1, O cm. + olen 


0:232 + 0-003 KÊ em 


curves up to 400? were 
ling temperatures we 
was four hours. 
; are shown 
0 


uc 


plotted for each metal and 
re spaced at 20°o intervals 
- The results obtained with 
in fig. 1 (a). They have been 
ch specimen is taken as unity. 
temperature à 
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Fig. 1 
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Fig. 2 
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pairs of adjacent points, and then plotting these against the temperature 
mid-way between each pair of points. Similar sets of results for niobium 
are shown. ?3 fig. 2 and these show a recovery stage similar to that in 


moi vdenu:. but occurring at about 120?c. In this case the small 
adc -ional :^.ge at a higher temperature is absent. 

áv inter: ting and unexpected feature common to both sets of results is 
thas he n ;nitude of the recovery, Ap, occurring in the main recovery 
st goes 5arough a maximum with increasing neutron dose. This is 


sho in £g. 3 where the resistivity recovery between 40° and 180?c is 
plotted as s function of neutron dose for both metals. To check these 
results on the dose dependence of Ap a second set of isochronal recovery 
curves, this time up to only 200?c, was obtained with molybdenum 
specimens. The results agreed almost exactly with the first set and are 
therefore not reproduced here. 


Fig. 3 
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Fig. 4 
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in fig. 4. The temperatures used were 140°, 160°, 180° and 200?c. These 
results yielded twelve values of AH, three for each specimen, and these are 
recorded in table 3. "Two further determinations, also recorded in table 


3, were made using specimens irradiated to 1 and 2x 1019 


n.v.t. and 
annealing temperatures of 150° and 180°c. 


The average value of AH 


"Table 3. Experimentally measured values of AH for 


Stage III 
recovery in neutron irradiated molybdenum 


Neutron dose (91) T'(*c) T.(°c) 


Activation enthalpy (AZ) 
1x10" ny.t. 140 


160 


ear oe ALI 
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comes out to be 1-25ev with an r.m.s. deviation of 0-08ev. The value of 


AH d not seem to vary systematically with either neutron dose or 
temps re. Some similar measurements were made on four irradiated 
zdobiv-* specimens using appropriately different annealing temperatures 
vnd tro vesalts are shown in fig. 5. In all, ten determinations of AH were | 
aade “socle 4) of which the average was 1-22ev with an r.m.s. deviation | 
j£ O62.7. Again there was no evidence for a systematic dependence of 
AH œ.: subron dose or temperature. In both figs. 4 and 5 the resistances 
are shc; normalized so that the initial resistance of each specimen is ;| 


taken 33 unity. 


Table 4. Experimentally measured values of AH for Stage III 
recovery in neutron irradiated niobium 


Neutron dose (dt) 


T (0) T3(£0) Activation enthalpy (AH) 


1x 1019 n.v.t. 
2 x 10” n.v.t. 
3 x10" n.v.t. 


4 x 10!? n.v.t. 


150 180 1-19 ev 
150 180 1:21 ev 
100 120 1-21 ev 
120 140 1:25 ev 
140 160 1-25 ev 
160 180 1-25 ev 
100 120 1-22 ev 
120 140 1-24 ev 
140 160 1:24 ev 
160 180 1-19 ev 


1:00 


o 
© 
o 


0:98 


0.96 


0.95 


FRACTION OF RESISTANCE IN IRRADIATED CONDITION, Ri. 
Oo 
oO 
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zm 


EPITHERMAL NEUTRON DOSE 
" n . 
u ` D 
n . * 
TEMPERATURE OF IRRADIATION 
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100 200 300 400 500 


ANNEALING TIME, t, minutes. 


Tsothermal recovery ourves for neutron irradiated niobium. 
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Having established these values of AH they were used to estimate the 
amount of recovery that could have occurred during the course of the 
irradiations and during the periods for which the specimens were stored 
after irradiation before being used. For both metals it was found that 
such recovery was negligible. "T j 

In order to explore the possibility of calculating a value of j for cach 
specimen, the logarithm of Ri, the normalized resistance, was plotted svainst 
time for each of the curves shown in figs. 4and 5. This type of plot sov d 
give a straight line in each case if the recovery is of the type represented 
by eqn. (3). It was found that the points did in fact lie on straigh’, tines 
except at the beginning of the recovery where the rate of recovery was 
anomalously high. Since it is not intended to discuss the shapes of these 
plots in detail they are not reproduced here. The calculation of the 

values of j from the gradients of the linear parts of them is discussed in the 
next section. 


§ 5. DISCUSSION 


The theory of radiation damage has of course not yet developed to the 
point where the damage to be expected under a given set of irradiation 
conditions can be predicted. In general, however, it is to be expected 
that for low neutron doses the regions of damage resulting from individual 
neutron collisions will not overlap. Under these conditions the amount 
of damage, and hence the change in electrical resistivity, will increase 
linearly with dose. On the other hand, for sufficiently large doses the 
damage must saturate. The results on the electrical resistivity of 
ee shown in table 2 show that in our experiments the 

oses used were sufficiently large that saturati ol ; 
but that even at the niet i Ber a mE 

oe ed. ne 
empirical relation, eqn. (1), to which it was found the results could be 
piece does not predict saturation and hence must be regarded as valid 
Over a restricted range of neutron doses only. 
The values of 160?c and 1-26 +0-02ev which were obtained for the 


eee and associated activation enthalpy of the main recovery 
peak observed in irradiated molybdenum agree well with those reported 
earlier (Kinchin and Thompso ; 


i ' n 1958, Ibragimov and L ashenko 1960, 
2i e ue aeo course no earlier E of the recovery 
UNE z y of irradiated niobium with which our work can be com- 
m D. s lee to consider some experiments carried out by 
aye ane er ( 2) on the changes in the yield stress of irradiated 
RE im ms poe: They found that annealing in the 
T ae ER 1757c caused the yield stress to increase, and 
l:3ev. Both the temperat 


T: 8 little higher than the 
CE n 2 pum Tecovery spectra. Nevertheless, it is tempting 
hink th le two effects may be related, because of the hardening 
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which has aiready been shown to be associated with the resistivity recovery 


pea in t^s case of irradiated molybdenum (Johnson ef al. 1962). For 
reasons ¥ ich are discussed below the impurity content of a metal can 
infiuence vath the temperature and the apparent activation enthalpy of a 
reco ery rocess and it may therefore be that the difference between the 
twc sete of niobium results is the consequence of a small difference in 
cor josic = between the two sets of specimens. 


I: micut be assumed, by analogy with the behaviour of irradiated 
molybdenum, that the recovery peak observed with the irradiated niobium 
represents Stage ITI recovery, and that two further stages remain to be 
discovered when the recovery of niobium which has been irradiated at a 
low temperature is studied. Some support for this assumption can be 
obtained by considering the niobium results in conjunction with those on 
Stage III recovery in both molybdenum and tungsten. It will be seen 
from the information in table 5 that the recovery in niobium occurs at 
about the same fraction of the absolute melting temperature, Tm, as Stage 
III recovery in molybdenum and tungsten. Also, the activation 


enthalpies associated with the recovery peaks are roughly proportional to 


the melting points of the three metals. 


and activation enthalpies for the recovery 


Table 5. The temperatures : 
and their relation 


peaks in molybdenum, niobium and tungsten 
to the melting points of these metals 


o Activation AH 

a m r 

so Temperature of Tp enthalpy TK 

Meta recovery peak (Tp) | Um K AH dus 
NERIS 25 3.x 10-4 
Molybdenum 430°K 015 T = n 7 10-4 
Niobium. 300°K Ol age eerta 
Tungsten. 625°K 017 
Ore ee 


very is still uncertain and the work described 


: tenn nob olnzify- wae situation, ‘The authors of the earlier 
MED DE Mee have usunlly suggested that it may be due to the 
Dbapers on the subjeey Pn ON ogs 
RSA i of PEGEM vaennoles. Rocontly, BONS ME nee 
preferred to attribute it to the annihilation of We X te Des 
evidence that tondi to support tho view n em ae i E PE 
lation has recently hoon obtained by un Bi uri f le tc Show that 
using the technique of fleld fon microscopy. e js ab ; m n ot 
even affer nnnenling nb room temperature, tongi on n 3 Mp 
bombarded with a -particlen nt about the amiperevure [9 noua n rogen 
still contained an appreciable number of isolated lattice vacancies. ee 
Perhaps the mont: bnterentingt feature of our results is the maximum 
which oceurm In enel of the Ap versus neutron dose curves shown in fig. 3. 


The nature of Stage LT reco 
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the recovery peak is due to the annihilation of vacancies, or at least to the 
diffusion of vacancies to sites where they contribute less to the electrical 
resistivity. Since it is difficult to imagine that the number of vacancics in 
a specimen goes through a maximum with increasing neutron dose, ur 
interpretation must be based on a model in which the nature of the sinks 
to which the vacancies diffuse changes with dose. To account for “he 
maxima, the resistivity change caused by the diffusion of a vacancy 5» a 
4 sink in a heavily irradiated specimen must be smaller than in a lig:-ly | 
irradiated specimen. | 

Some information relating to the nature of the vacancy sinks can oe 

i obtained by calculating values of j, the number of atomic jumps made by a 

| vacancy before reaching a sink, for each metal and neutron dose. These 
calculations can be carried out using eqns. (1) and (3) and the results of s 
§4.3. As was explained above, the main difficulty is the assignment of 4 
numerical values toy and AS. In choosing a value for y the problem is | 
to decide whether an atom adjacent to a vacancy has an equal tendency | 
to vibrate along all of the Z nearest neighbour directions or principally | 
along a line joining it to the centre of the vacancy. This difficulty has | 
recently been discussed by Piercy (1960) who concluded that the former | 
alternative is the more likely, and we have adopted his point of view and | 
taken Z-! times the Debye frequency to be the correct value. In the case | 
| 
| 


In attempting to interpret this effect we shall assume that in both metals P 
| 


of copper, the entropy factor AS has been estimated theoretically to be of 
the order 10 (e.g. Huntington et al. 1955, Brooks 1955). Since there have 
been no corresponding calculations for any body-centred cubic metal 
although a rough estimate for «-iron (Shewmon and Bechtold 1955) sitat | 
a value of 55, a value of 10 has been assumed for the present calculations. | 
This assumption cannot be justified and, therefore, the results of the 
calculations must be regarded with some reserve. 

In the case of molybdenum the calculations were carried out for all four 
neutron doses on the isothermals obtained at 180° 
whilst in the case of niobium the 150°c isotherm 
l and 2 x 1019, and the 120°c isothermals for th 
The results, which are given in table 6, sho 
Increases the value of j for 
10x 10! whilst that for 


© and shown in fig. 4, 
als were used for the doses 
e doses 3 and 4 x 101? n.v.t. 


tration determines j, may of 
important to consider 


e for example, a HU d dm 

j should come out to be about 107 if the dis]. f e value o 
. ocations are tl i 

vacancy sinks (Lome: and Cotizell 1955). ‘The low values nee 

table 6 therefore indicate that in these experiments this was ae the case 
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Alternative possibilities, in particular the behaviour of interstitial 
P impurities and point defect clusters as sinks, must therefore be considered. 
| Previoss experience (e.g. Wronski and Johnson 1962) suggests that 
ysis {cures for interstitial impurities such as those given in table 1 
suould r.c% be taken too seriously. They can, however, probably be taken 
“nat the total concentration of interstitials in each of the two 
? the order 10. If all of these interstitials were in solution 
vd the behaved as vacancy sinks, a value of j of about 103 would be 
exoectec. The observed values are reasonably close to this. Point 
Jotect casters created during the irradiation might also behave as vacancy 
oif they were the dominant sinks the value of j would necessarily 
iecreasc fairly rapidly with neutron dose as their number built up. It | 
is, however, reasonable to suppose that defect clusters are beginning to 
| compete seriously with the interstitials for the vacancies at the higher 
y doses and that this is the reason for the small fall in the values of j with 
| increasing dose. 


Table 6. The number of jumps made by a vacancy before being annihilated 
as a function of neutron dose for molybdenum and niobium 


Metal Neutron dose (9f) Number of jumps (4) 

Molybd 1x10! n.v.t. 1:3 x 104 

pe 2x10? n.v.t. 1-1 x 104 

| 3x10” n.v.t. 1-1 x104 

| 4 x 10! n.v.t. 1-0x 10s 
| Niobi 1 x 101? n.v.t. 11x10 

x 2x10! n.v.t. 1-1 x 108 

3x10! n.v.t. 0:8 x 103 

4 x 107? n.v.t. 0:8 x 103 


MENO o SL S 


dvantage that it also enables an explanation 
to be given for the maxima in the Ap versus neutron dose curves. wa 
terete behaves as a sink for a vacancy, the interstitial Dr y 
takes up a position within the vacancy. The compressive strain tie ae 
the interstitial and the dilatational strain. field around the a m 
largely cancel so that the reduction of lattice strain, and hence of e a 
resistivity, is probably greater than if the vacancy had been comp. EE 
annihilated or absorbed into a defect cluster. At low neutron. doses, for 
which the vacancy sinks are supposedly almost all interstitial impurities, 
the resistivity decrease per vacancy lost is therefore more than at high 
doses, for which an appreciable number of vacancies are annihilated at 
defect clusters. These are just the conditions required to produce a 


maximum in each Ap versus neutron dose curve. 


This point of view has the ai 
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It is apparent from this discussion that the annealing kinetics of the 
vacancies are dominated by the presence of impurities. It is therefore 
important that these experiments should be extended to specimens of 
much higher purity. One result of this should be to increase j, at !cast 
for lightly irradiated specimens in which defect clusters are not impor?znt 
as sinks, and hence to shift the peak recovery temperature upwa-s. 
Damask and Dienes (1960) and others have discussed a different aspec: « 
the effect of impurities on the annealing kinetics, the temporary trapo. 
of vacancies by impurity atoms during their diffusion life prior to a: 
hilation. The general effect is to slow down the annihilation and hezise 
again to shift the recovery peak upwards, but they also show that when this 
occurs it is possible to obtain activation enthalpies which are seriously in 
error. ‘This may well have occurred in our experiments and in all those 
on body-centred cubic metals published previously. At present there 
seems to be little hope of preparing body-centred cubic transition metals 
sufficiently pure to ensure that this does not happen. 

In conclusion it is perhaps worth discussing the probable concentration 
of vacancies in the specimens before they were annealed. The maximum 
values of Ap were about 0-13 uQ em for molybdenum and 0-23 pu em for 
niobium. "There have so far been no theoretical estimates of the effect of 
vacancies on the electrical resistivity of molybdenum and niobium. In 
other metals 1 at. % of vacancies have generally been estimated to produce 
an increase in the electrical resistivity of the order of 2uQocm. If the 


same figure is used for molybdenum and niobium, and the fact that the 
annealing mechanisms in these metals is probably 
annihilation is neglected, vacancy 
respectively are obtained. A sim 


not a simple vacancy 
concentrations of 5 x 10-4 and 1 x 10-8 
ple calculation using the fast neutron 
scattering cross sections for molybdenum and niobium shows that in both 
metals the fraction of atom struck by a neutron was up to about 10-3 
depending on the neutron dose. Tf the estimated vacancy concentrations 


given above are correct this means that 50 to 100 i 
vacancies R 
as a result of each primary collision process. aes 
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Current-Voltage Characteristics of the Helium Field-ion 
Microscope 
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ABSTRACT 


The characteristic variation of ion current with applied voltage in a helium 
field-ion microscope is reported. Current—voltage characteristics have been. 
measured as functions of emitter radius, operating temperature and helium 
pressure, and also for emitters of various metals. Practical implications of 
the results are mentioned and the observed behaviour is compared with the 
existing theory of field ionization. Experimental findings support general 
aspects of the theory but there are soveral disagreements in detail. In 
particular the theory fails to account for the observed magnitude of the ion 
current at high fields and its variation with voltage and emitter radius. 


§ 1. INTRODUCTION 


''HEORIES of image formation in the field-ion microscope tend to involve 
quantities and processes on which no direct experimental checks can be 
made. However, the field-ion current can be measured precisely and a 
detailed study of its behaviour has been made in order to provide quanti- 
tative data which may be compared with theory]. 

Previous measurements of ion currents have been reported by Müller 
and Bahadur (1956), who measured ion currents as a function of applied 
voltage and pressure in various gases at room temperature for two values 
of the tip radius, but without correction for secondary electron emission. 
The results provided a general confirmation of the theory they gave, but 
no analysis or interpretation of discrepancies was given at that time. 
Drechsler and Pankow (1956) found field-ion currents to be proportional 
to the pressure in several gases, and reported measurements of current in 
a limited range as & function of voltage and tip radius in hydrogen at 
room temperature. Their conclusion that the current varies with a power 


of the voltage between 1-5 and 2 is not supported by their published: 


measurements. Bahadur (1960) reported some measurements of ion 
currents in argon at room temperature in perfect agreement with the 


theory of Müller and Bahadur (1956). 


§ 2. EXPERIMENTAL TECHNIQUES 
2.1. Apparatus 
A conventional field-ion microscope system was used with precautions 


to keep impurities in the helium to about | part in 105, so that impurity 


A preliminary account of these experimental results was presented at the 
9th Field Emission Symposium, Notre Dame, U.S.A., June 1962. 
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ion eurrents should be small compared with the helium ion currents to 
be measured. The helium was purified over liquid nitrogen-cooled 
zeolite before admission to an all-metal vacuum system, with silicone oil 
diffusion pumps and liquid nitrogen traps, which gave pressures of 1075 torr 
without bake-out. 
The microscope chamber (fig. 1) was based on the Müller desi; 

(Müller 1960) with a vertical screen for ease of viewing and an L-shay 
cold finger to carry the tip assembly. On a side-arm, not shown in fig. |, 


Fig. 1 


LIQUID 
NITROGEN 


TO IONISATION 
MANOMETER 


5-15 KV. 
SPECIMEN 


COPPER BARES 
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COATING 


Demountable field-ion microscope chamber, 


a glass 
metal 
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shown in fig. 2. With zero field at the screen very few secondary electrons 
the phosphor, but a negative field of some 50 v/cm extracts three to 
c electrons per incident ion. (y=(I,—I)/I>~4 in fig. 2.) It seems 
5 little emission occurs from the rough granular phosphor surface 
1:028 an extracting field is applied to pull electrons out of the cavities in 

D. surface. 
| “nce it is inconvenient to operate the microscope with a grid pattern 
zrimposed on the ion image, the grid was removed from the cylindrical 
suszode and the above experiment repeated. The same curve was 
stained for the variation of screen current with bias voltage, but with 


oo 


Fig. 2 
qal. ld D 
è 6 
Jv 

| APPARENTE 112 m S 
| ION 

CURRENT. > 

AMPS XIO-'? 


| 
! 
| 
| 


Ò 
BIAS VOLTS 


"SCT i i lied to 

iati b rent at the phosphor screen with the bias voltage applied t 

Ta ER S uem The solid axes describe results obtained with 
a 2d - the dashed J’ axis refers to results without a grid (see text). 
Tip voltage —15 kv, helium pressure=6 x 10-? torr. 


e axis shifted to the position of the broken line (1^ axis) 
in fig. 2. Thus a negative bias voltage had to be applied to ur 
the field of the tip assembly, which in the absence of a grid penetrate a 
| the screen. The magnitude of this penetrating field As clearly pro- 
| portional to the tip voltage, so the new position of the axis and hence the 
i effective value of (y + 1); given by I,[I, in fig. 2, will also vary with tip 


| Molan current measurements described below were obtained with- 


| All the ion 
| out a grid and at zero bias voltage, and all measured currents have been 


| corrected to true ion currents using the appropriate (y+1) factor, 
j determined as a function of tip voltage by the above procedure. 


“ye -e 


the zero bias voltag 
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$3. RESULTS 


3.1. Basic Current-Voltage Characteristic 


The geometry of the microscope chamber (fig. 1) permits ions leaving 
the emitter tip in a 150° cone to fall on the screen. The entire ion image 
can therefore be seen and currents measured at the screen are total 
emitted ion currents. 


Fig. 3 
ION 
CURRENT 
AMPS 
15°. 
i2 
gor 
=I0. 
ike) TIP RADIUS = 570 Å 
He GAS. P=6. 10 “TORR 
TIP TEMPERATURE =7 &'K 
10! | 
| 
16? 


9 10 É 
od B €: BG KV i 
i on of field-ion current with 
eld evaporation occurs a; 
e region BC the * Working 


applied voltage and field 
t C, the point B is termed 
range" of the specimen. 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Current- Voltage Characteristics of Field-ion Microscope 583 


are approximately 30 and 3, as shown. The point B, the intersection of 
the two extrapolated straight lines, may be termed the ‘ cut-off’ with 


the ‘ cut-off voltage ' and the ‘ cut-off field" defined by this point. Since 
the m: caitude of the current near B corresponds generally to the minimum 
image brightness useful for unamplified viewing or photography, the 
rangs 50 may be termed the ‘ working range’ of a field-ion emitter and 
the z550 of the evaporation field to the cut-off field, Fe/Fc, is a useful 


o be quoted in assessing the suitability of a material for field-ion 
scope work. 


29 
lo 


ION 
CURRENT 
AMPS Mo 


=10. 
lo 


Ni Fe 


z 
lo 


-12. 
10 


3 4 5 
FIELD vous / R 


isti i b 10-3 torr of helium. 

rent- acteristics for various metals at TI*&, 6x 107 

Ec se been normalized to a common radius of 480 À X 
assuming that the observed evaporation voltages correspond to the 
calculated evaporation fields (Müller 1960) for each metal. 


Figure 4 shows the current-field characteristics of various metals, again 


à : be 

i as at 77°K. The working range for molybdenum is seen to 
ec that for tungsten and is absent with iron and nickel d 
field-evaporate before the cut-off field can be reached. Values o : e 
ratio Pe]. e at 77°% are 1-7 for W, 1:35 for Mo, 1:0 for Fe and less t an 
DOSES ments also suggest a ratio of approxi- 


: i. Preliminary measure pp! 
ieee 2 for platinum and less than 1-0 for gold. These figures indicate 


clearly that field-ion microscopy with liquid nitrogen cooling can only be 
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employed conveniently with refractory metal specimens. Thus with. 
tungsten the field may be almost doubled above the cut-off value, with 
consequent variation of the contrast, resolution and brightness of the 
image and of the stress on the tip surface, whereas with nickel a field hich 
enough to give a visible ion image is also high enough to produce fisi 
evaporation and a stable visible image is barely obtainable. 


3.2. Effect of Tip Radius 
Current-voltage characteristics have been observed at various t7 
radii and the results are shown as logarithmic plots of ion current again 
field for a tungsten tip in fig. 5. The measured voltages were converts: 


Fig. 5 


He GAS. P=6.10 TORR 
TIP TEMPERATURE = 78K 


esult that observed evaporation. voltages 


or all tip radii abov 
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>, since the ion current within the working range (BC in fig. 3) 
s on the cube of the applied voltage, V, at a constant radius, E, 
> the field, F, is approximately proportional to V/R, the ion 
; can be seen to depend roughly on V? irrespective of the values of 
7. Thus the ion current, image brightness or photographic exposure 
«i^ the working range can be estimated from the applied voltage alone, 
-»propriate constants of proportionality, as has been done by 
‘ki and Müller (1961), although these authors assume a theoretical 
ence of ion current on V? which is not supported by experiment. 


3.3. Effect of Helium Pressure 

The variation of the field-ion current with pressure was investigated by 
obtaining complete current-voltage characteristics for a tungsten tip of 
600 & radius at six different helium pressures ranging over three orders of 
magnitude. The results were carefully corrected to eliminate currents 
due to ionization of residual gases, as the pressure of these impurities was 
constant at about 10-8 torr throughout the experiment. ‘The ionization 
gauge used for measurement of the helium pressure was calibrated, as its 
sensitivity was found to fall off sharply at pressures above 10-? torr, an 
effect described and explained by Schulz (1957). 


The variation with helium pressure of the current per unit pressure, Ilp, 
and the cut-off voltage, V,, expressed as percentage deviations from 


their mean values over the pressure range 


px 10-? torr 


peer ee 


7 


0:0 
0:2 
0-7 
2-0 
7-0 
0:0 


t3 


The current-voltage characteristics were found to be of the same form 
at all pressures and the average current in the working range, J, and the 
cut-off voltage, Vc, were determined for each pressure. The current 
was closely proportional to the pressure and the cut-off voltage was almost 
constant, so the results are set out in the table to show the percentage 
deviations of the current per unit pressure, I/p, and of Ve from their 
mean values over this pressure range. 

It can be seen that there is a trend towards a lower current per unit 
pressure as the pressure increases, but an I/p variation of 20% in a pressure 
variation of 300 times is scarcely significant. The cut-off voltage shows 
little variation up to 7 x 10- torr, demonstrating the precision with which 
this parameter may be measured. The increase of 2% at 2x 10-? torr 
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| seems significant and will be discussed later. Practically, it is evident 
that the predominant effect of increasing the gas pressure is simply to 
produce a proportional increase in ion current at least up to a limit of 


2 x 107? torr. 
3.4. Effect of Operating Temperature 


To investigate the effect of temperature on the field-ion current, i.» 
operating temperature of the microscope was changed by filling the cci 
finger (fig. 1) with various refrigerants from solid nitrogen to an ice avd 

Fig. 6 
l 63°K 
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urrent-field characteristics with temperature. 
e cut-cff field rises and the magnitude of the 
v nges in tip radius, currents were not 
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The first effect has been noted by Miiller (1956), who determined 
vsporation fields of tungsten at 21°, 300° and 900°K and obtained a 
sble fit with his calculated values. The fall in current with 


inerc-//5g temperature has also been mentioned by Müller (1960), although 
no <cititative observations have been published, but the strong 
infin- -22 of temperature on the cut-off field has not been observed before. 

i^ She decrease in evaporation field and the increase in cut-off field 
tenc 5» reduce the ratio F'e/F e and thus to decrease the working range of 


zmen as the temperature is increased. The change in Fe between 
à 210°K is less than 10% (Müller 1956), but the change in F e is about 
and is therefore the dominant effect. These results show clearly 
t 1? non-refractory metals, such as iron and nickel, are to be imaged 
with helium ions, the temperature should be kept as low as possible. 

At a field of about 4-5 v/A the current in the working range is approxi- 
mately halved as the temperature rises from 63° to 273°K. It can also be 
seen that the slope of the characteristics within the working range increases, 
and the cut-off becomes less sharp, until at 273°K it has virtually 
disappeared. 


§ 4. Discussion 
4.1. Basic Current—Field Characteristic 


According to present theories of field ionization (Müller 1960, Gomer 
1961), the ion current J should be given by the expression T= ZPe. The 
supply function, Z, is the number of gas atoms arriving at the tip per 
second, the ionization probability, P, is the probability that one of them 
will be ionized and e is the electronic charge. Z may be calculated from 
simple kinetic theory remembering that each gas atom, polarized by the 
electric field, is attracted to the tip by a force equal to the gradient of its 
polarization energy. Ionization can occur if an electron tunnels from a 
gas atom through the potential barrier into the tip, and P is the total 
probability of this occurrence integrated over the whole path of the gas 
atom near the tip. 

The most likely interpretation of the basic current-field characteristic 
(see fig. 3) is that the ionization probability increases rapidly with the 
field in the region AB, saturates at a value near unity at B and remains 
almost constant in the range BC, whilst the supply function continues to 
increase relatively slowly with field as the polarization forces increase. 
The large slope of about 30 in the region AB is reasonable as the ionization 
probability is expected to be a very strong function of field, but for the 
working range BC both Miiller and Gomer calculate that the current 
should vary as the square of the field if P remains constant. The 
experimental F3 law for the working range revealed by this work is there- 
fore in conflict with the present theory. The discrepancy has not 
previously been recognized, partly at least because it has not been 
realized that an observed current-field characteristic has the two distinct 
parts exhibited by fig. 3. 
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The magnitude of the ion current predicted by the supply function for 
an ionization probability of unity, as caleulated from the existing theory, 
is about 6:x10-9?4 at a field of 6 v/A for a tip radius of 500 & and 
6x 10-3 torr helium pressure. As fig. 5 indicates, the current typicalis 
observed under these conditions is about a factor of 5 lower. ^ 
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it discrepancy is beyond the limits of experimental error and is, of cours2, 
i greater at smaller fields and radii, as the current depends more stron: | 
i on these variables than the supply function calculation predicts. This :s | 
difficult to understand on the present theory because, as Gomer (195:) | 
has made clear, any incoming gas which is not ionized must escape from 
the tip by some other means. Gomer has considered diffusion towarcs 
the shank of the emitter as the mechanism of this escape, but this seems 
unlikely because polarization forces tend to keep a gas atom in the 
emitting region where the field is strongest. The gradient of polarization 
energy around the emitter surface is comparable with that seen by an ! 
atom attempting to leave the tip radially, and a very large concentration 
gradient would be needed to drive such a diffusion process. But the 
calculation of the ion current from the supply function and the ionization 
probability per gas atom is not valid for large concentrations of gas at 
the tip, and so the observation that the current is less than the predicted 
value must constitute another serious objection to the present simple 
theory. A new calculation of the supply function, based on detailed 
considerations of the processes involved, is being prepared by the present 
authors and promises to account for the magnitude and field dependence 


of the ion current in the working range and their variation with 
temperature. 


4.2. Variations of the Current-Field Characteristic 


The observations of the current-field char isti 
: racteristics for different 
metals (fig. 4) pre only of qualitative significance in the absence des 
accurate knowledge of the absolute field strength. However Young and 


Pc for the accurate deter- 

ply felci rated surfaces. Their methods 

be os not only. to the accurate determination of evaporation 1 
to an investigation of the cut-off field, Fe. 


he cube of the tip 
dur (1956) who observed field. 
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that secondary emission varies very little with tip voltage if the extracting 
Seld v5 she phosphor is held constant. After correction for variation of 
the e-i-acting field an approximate R?® law was found to describe the 
resus of fig. 5. 

M. o (1957, 1960) has suggested that gas atoms are not ionized 
imm iately they reach the tip surface, but bounce about making hops 
of céssreasing height before ionization occurs. Both Müller and Gomer 
(196:; eonsider hopping in the radial electric field of a spherical tip. If 
the z:tual shape and field of an emitter are considered, it is clear that 


hopping will not be described by a simple random walk process. A gas 
atom striking the tip outside the emitting region will be attracted into it 
by polarization forces in the course of subsequent hops and, therefore, the 
area entering into the supply function calculation should not be the 
emitting area but rather the larger area from which the supply is actually 
drawn. There is no reason to suppose that this larger area will increase 
with R? while R, the mean emitting radius, is changed by field evaporation 
because the shape of the tip will certainly change. If a future theory of 
the supply process considers the effective area from which the supply to the 
emitting region is drawn, an explanation of the R?° law may be provided. 

The observations of the linear variation of current with helium pressure 
support the results of Müller and Bahadur (1956) and Drechsler and 
Pankow (1956), who observed a similar linear dependence in various 
gases at room temperature. Becker (1958) suggested that ion-gas atom 
collisions might increase the observed current but, as Müller (1960) has 
pointed out, a linear pressure dependence proves that such multiplication 
effects do not occur. 

Of the observed effects of temperature on the current—field charac- 
teristics (fig. 6), Müller (1956, 1960) has discussed the variation of the 
evaporation field. It is hoped that the present authors' new theory of 
the supply function will account for the temperature variation of the 
magnitude of the current and the slope of the characteristic in the working 
range. No change in slope is predicted by the existing theory, and the 
observed reduction of the current in the working range by a factor of 
about two for a fourfold rise in absolute temperature does not follow the 
T-3? Jaw of this theory. i 

The increase in the cut-off field, Fe, with temperature indicates a 
variation in the ionization probability, P, for a single gas atom. P is the 
total probability of ionization by tunnelling integrated over the whole 
path of the atom. The greater the velocity of an atom, the more rapidly 
will it pass through the regions of very high field where ionization is 
possible, and the smaller the value of P at a given field. Therefore as 
temperature rises and the thermal velocities of the gas atoms increase, 
Fe must increase to maintain the value P=1 appropriate to the cut-off 
point on the characteristics. Detailed calculations along these lines will 
be performed, but it is evident from the magnitude of the effect that gas 
atoms must have almost thermal velocities when they are ionized. If 
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the atoms had any appreciable part of their original polarization energy 
remaining, variations of the relatively small thermal contribution to their 
total kinetic energy would not be expected to produce such a marked 
effect. Müller (1960) assumes that atoms have thermal energies apvro- 
priate to the tip temperature in calculating the resolution of the field- n 
| microscope, and the present work therefore affords some confirmation of 
ll his assumption. 
| The cut-off field, Fe, changes by about 4% between 63? and 77°K. o 
| can be measured to about 4% accuracy, as the table demonstrasies. 
Therefore changes in the effective local tip temperature of the order of 
W + 2?x can be detected in this temperature range by observing changes :a 
| F.. In the table the cut-off voltage, Ve, rises by 2% at the highest 
| pressure used and it can now be seen that this corresponds to a tem- 
| perature rise of about 7?k. Such a temperature rise must be due to the 
| larger number of helium atoms transferring their 0-1 ev polarization 
| energy to the surface before they are ionized, and also to energy supplied 
| 
| 
| 
| 
| 
| 
| 
| 
| 


w 


by electrons tunnelling into the tip with energies greater than the Fermi 

energy of the metal. On the part of the current-field characteristic 

below the cut-off (AB in fig. 3) the current varies with about the 30th 

power of the field at constant temperature. From fig. 6, when the 

temperature varies the current must therefore also vary with the 30th 

power of the cut-off field at constant applied field. A change of 1% in 

| current at constant field under these conditions therefore corresponds to 

| a change in Fe of 1/30%, and to a temperature change of about 0-1?x. 

| A very low pressure of impurities is required if currents are to be measured 

i to 1% accuracy below the cut-off, since etchin 

very readily at such low fields, w. 
emitted ion current. 

It should be emphasized that these chan 


measure changes in the actual tip temperature directly, whereas con- 


ventional potentiometric methods onl 
y measure the temperatur t 
filament on which the tip is supported. eases 


i g of the tip surface occurs 
ith consequent fluctuations of the 


ges of cut-off field or ion current 


§ 5. CONCLUSIONS r 
(a) The characteristic variation of the i Hi i i 
a Tee © Ion current with field has been | 
existing theory 


CORE y, and a more realisti i 
function is required, Eacucuaton 


(b) The range of field i i 
o n Ae in which the current depends on F3 


of the supply 


| 
| 
í 
| 
i 
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existing theory predicts R. 
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change in the shape of the tip hoe 
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(dy Increasing helium pressure simply produces a proportional increase 
in ica current up to 2 x 10-? torr, at which pressure heating effects become 
ap iable. 

^5 Tnereasing temperature reduces both the evaporation field and the 
o*--51] magnitude of the ion current, and raises the cut-off field. This 
1555 “fect affords a new means of measuring the tip temperature. 
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ABSTRACT 


Nickel and copper Mn, im X-ray emission bands have been obtained from 
alloy specimens throughout the whole range of the nickel-copper system. 
These emission bands are ordinarily interpreted as giving information 
regarding the distribution and energy-spread of 3d- and 4s-electrons 
available for transition to 3p-vacancies in the nickel and copper atoms. The 
pure nickel and pure copper emission bands, while generally similar in form, 
show also some striking differences, especially in the breadth of the main peak, 
which is approximately twice as great for copper as for nickel. A new 
feature reported in the nickel spectrum is a low projection forward from the 
main peak toward higher energies. The results from the alloys show that, 
within experimental error and throughout the whole range of alloy consti- 
tutions, the nickel and copper bands retain the forms characteristic of the 
pure metals ; the relative intensities of the bands merely alter with the ratio 
of the atoms. These results appear not to be consistent with the assumption 
of a common valence band, with complete sharing of electrons ; they seem 

g of electrons between the two kinds of 


rather to indicate very little sharin; € 3 
atoms. ‘The indications of most of the work on alloys in this field are much 


the same ; though sometimes in a less extreme form. 


$1. INTRODUCTION 


EXPERIMENTAL determination of soft x-ray emission bands has been 
recognized as a means of investigating the structure of the occupied 


levels in valence bands of metals, emission taking place on transition of 


electrons in these levels to vacancies in inner core levels (for a review, see 


for example Tomboulian 1957). ‘The extent to which this picture of soft 
x-ray emission in a pure metal may be extended to alloys is not clear, 
being determined im part by the possibility of retaining the idea of a 
valence band in an alloy. In a metal the density of states in the band 
can be understood as being dependent on the kind of atoms involved and 
also on their particular regular arrangement in space ; but it is not very 
evident how to carry over these ideas to alloys, for example to the case 
of a random solid solution. Still less is it evident how to account for the 
energy level system when alloying involves the formation of a new phase 
distinct in structure from that of either of the pure metals. 


+ Now at Technical Operations Research, South Avenue, Burlington, Mass., 


U.S.A. 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Mn mmm nmm 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


594 J. Clift e£ al. on 


In pure metals such as copper and nickel the energy level structure b 
the valence electrons has been considered to consist of overlapping $a 
and 4s-bands, the Fermi limit being below the top of the d-band in nicke! 
but above it in copper. Many of the properties of these metals may > 
explained in terms of such an electronic structure (see, for example, 
Mott and Jones 1936, Stoner 1954). An investigation of the Mj r 
nickel and. copper bands emitted from nickel-copper alloys throughout 
the entire range of composition is now reported. The aim of thesc 
experiments was to search for indications of the validity of the over- 
lapping d- and s-band model, and at the same time to look for more 
general evidence regarding valence bands and the interpretation of x-ray 
emission from alloys of this nature. 


$2. PROCEDURE 


The instrument and general procedure have been described in an 
earlier paper (Curry and McNeill 1960), but the following improvements 
in technique have more recently been made. 

(1) Intensities of spectra similar to those obtained earlier are now 
attainable with similar exposure times using much lower x-ray tube 
currents, e.g. one to three hours at 10 ma for copper or nickel. This has 
been achieved by (a) changes in the electron gun design for optimum 
size and situation of the focused area on tl 


on. ne target, (b) examining 
the emitted radiation at about 30? to the surface, where intensity is 
considerably higher than at small angles. 


(2) The efficiency of the pumpin; 
operating pressures of about 10-6 


If a spectrum is 
carbon K-spectra 
hotographs taken 


inary running very weak 


after this period. normally negligible in p 


(3) A fiducial system has 
and calibration of the reco. 
separated fine vertical w 
ee re Soe I shows a microdensitometer record of a nickel 
spots o ee ; eing the Sharp shadow edges formed by the wire 
Wm a 3 urate relative placing of records avoiding th. : 

?nótographs vertically displaced. Tt is] UE oe 
scale between the two fidueial positions on t il 


n A o fit an energy 
value of th e records, usin 

eson ee abe aluminium TR cal OU TRE 
Spectrograph. F mty known from the geometry of the 


or the slit breadth of 100 1 the optical window of the 


been introduced 
r rded spectra. 
ires held rigidly 


. facilitating comparison 
This consists of two well- 


just clear of the photographic 
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instre ment in this region is a few tenths of an electron-volt, and the 


sharpsess of the aluminium edge indicates that this is achieved experi- 
mer?2»ty. The energy at any point within a spectral record can certainly 
be c .cted within this margin. 

‘Ts arocess of density/relative intensity conversion has been improved. 
The “<ueial system facilitates this, providing clear plate density readings 
wit- the individual densitometer records. The method employing two 
ali: aium L-spectra with a known exposure ratio (Cady and Tomboulian 


1943: was used. A standard development procedure was used, and 
reproducible density/relative intensity relations are obtained over long 


periods. 
Fig. 1 


! DENSITY 


70 75 


60 65 
ENERGY (ev) 


Microdensitometer trace of nickel spectrum. 


of averaging over repeated exposures 


and subtraction of background have been evolved. For each S 
specimen six satisfactory photographic records were obtained, and abou 
a dozen different densitometer traces were selected evenly from EU 
from these. On each trace densities were measured at 0-5 ev intervals, = 
converted to relative intensities. Two methods of subtraction of back- 
i j ows : 
E ies M e. pure cobalt on the target were used as back- 
n traces, having no features peculiar to cobalt in the regions of the 
copper and nickel spectra. A background intensity scaled to fit therecord 
concerned was subtracted from each copper-nickel intensity at every 
0:5 ev interval. Scaling was done so that the alloy and background 
intensity curves agreed in regions where special features were absent. 
nd Y in fig. 1 were used separately for this. Values of 


The regions X 8 2 rm : 
iiam above background were normalized to unit intensity at the 


(4) More satisfactory methods 
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peak of either the copper or nickel band. For each specimen the separate | 
normalized curves from the twelve traces were averaged and mea: 
deviations obtained. Background adjustment and subtraction, nor- 
| malization, averaging and uncertainty estimation were performed by 
| electronic computer. The method is believed to indicate correctly the 
| random error involved in averaging multiple records in this way, but tho 
| reliability of the method seemed in some doubt in the band tails remote 
from the regions X or Y where the fitting of background was done. 
Except at one or other extremity however the curves were reproducible 
using X or Y and agreed with those obtained by method (b). 


Fig. 2 
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Fig. 3 


Å TOTAL RELATIVE 
120; INTENSITY 


106 
i 


60 


60 65 70 75 80 GEJ 


ENERGY (ev) 


Total intensity curve for nickel including background. 


Alloy specimens, supplied by Johnson Matthey & Co., were of spectro- 
scopie purity. Surfaces were smoothed, polished and washed thoroughly 
in baths of alcohol, ether, alcohol and distilled water. Targets polished 
using metal polish or by electropolishing produced the same results. 
Scraping of surfaces before exposure produced similar spectra. Specimens 
with nickel content increasing in 10% steps were available. Experiments 
were first done with those containing 0, 20, 40, 60, 80 and 100% nickel. 
Secondly, more heavily exposed photographs for 0, 10, 20% nickel in 
copper, and 0, 10, 20, 30% copper in nickel were obtained. ‘The latter 
experiments were expected to be the more informative ; in the event the 
results confirmed those of the earlier set and were of about equal value. 


§ 3. RESULTS AND CONCLUSIONS 


The results are presented in figs. 4-7. Figures 4 and 5 show the 


intensity curves obtained for alloys containing 0, 20, 40, 60% and 0, 10, 
20% nickel in copper respectively. These are normalized at the copper 
band peak. Figures 6 and 7 show similar curves for 0, 20, 40, 60% and 
0, 10, 20, 30% copper in nickel, normalized at the nickel peak. 

One immediate conclusion from the present work is that the form of 
the pure nickel band is somewhat different from that which we reported 
earlier and from that obtained by other workers (see Tomboulian and 
Bedo 1961). There is a considerable low-intensity projection forward 
from the main band toward higher energies. The existence of this is 
evident both in the separate microdensitometer records from pure nickel 
(such as fig. 1) and also in the summed intensity curve from several 
records (fip. 3). Such a projection is easily missed if the background is 
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estimated over a more limited range than we have used. In the work 
which we reported earlier the zinc and nickel spectra were considered 
sufficiently separate to allow the use of a zinc spectrum as background for 
subtraction from that of nickel. This is plainly not satisfactory if nickel 
has features in the 75-80 ev region, where the zinc peak falls. The high- 
energy projection in the nickel spectrum is much too broad and uniform 
in intensity to be accounted for in terms of carbon impurity. The only 
carbon emission falling in this region is the fourth-order K spectrum, the 
prominent features of which lie well within the range 68 to 72 ev. The 
small undulation in this region in the nickel spectrum (fig. 6) may possibly 
be partially due to this. In fig. 7 the curve has been drawn on the low 
side in this region. 


Hi Fig. 4 
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alloy spectra: 0, 20, 40 and 60% nickel in copper. 
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A second conclusion of a general nature, evident from our results, is 
that ths forms of the copper and nickel bands in the alloys do not differ 
ally from their forms for the pure metals. Casual inspection of 


the ras is sufficient to show that this is so. For example, in fig. 4 a 
rougi. `iFerence between an alloy curve (say, copper + 60% Ni) and the 
pure © oper curve, is clearly similar to a pure nickel spectrum, as in fig. 6. 
The »adening of the copper peak in the alloy spectra can be malo 
stoo.. in terms of the forward projection of the nickel spectrum added in 
increzsing amounts in the alloys of higher nickel content. 


Fig. 6 
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Nickel-copper alloy spectra: 0, 20, 40 and 60% copper in nickel. 
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This conclusion is not only generally true, but is also true in detail 
within the limits of experimental accuracy. The bands of copper Bind. 
nickel not only do not change substantially, but do not change at all by 
detectable amounts. Asa sample of the way in which this may be shown 
in detail fig. 8 shows a synthesis of a copper + 60% nickel curve obtainec 
by super-position of pure copper and pure nickel spectra in appropriate 
amounts. The alloy curve (from fig. 4) is drawn alongside this curve, anc 
it is clear that no distinction between these curves can be made. The 
reverse process of break-up of alloy curves into pure metal curves may 
also be carried out in detail, and confirms this conclusion. 
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The following references cover the salient experiments. Measurements on 

' copper-nickel alloy specimens have been carried out by Farineau and 
Morand (1938) (L spectra) and Friedman and Beeman (1940) (K spectra). 

Other alloy systems involving one or other of the two elements copper and 

nic nave been investigated by Farineau (1939) (Al-Cu and AI-Ni ; K 

spe> a of Al, L spectra of Cu and Ni), Bearden and Friedman (1940) 


(Cu; K spectra) Bearden and Beeman (1940) (Ni-Zn ; K spectra). 
Th..» are also recent measurements by Catterall and Trotter (1962) 
(Cu 4a; M spectra of Cu). Work on entirely different alloy systems 
inciades that of Farineau (1938) (Al-Mg ; K spectra), das Gupta and Wood 
; (Al-Mg, Al-Si, Mg-Si ; L spectra), Gale and Trotter (1956) (Al-Mg ; 
L spectra), Catterall and Trotter (1959) (Li-Mg ; K spectra of Li and L 
spectra of Mg), Crisp and Williams (1960) (Li-Mg ; K spectra of Li and L 
spectra of Mg). The latter workers also report some observations obtained 
s from targets on which thin layers of one metal were evaporated on another 
(Li on Mg, Mg on Li, Li on Al, Al on Mg). 

The naive expectation that the valence electrons from both constituents 
of an alloy should share in a common valence band does not seem to be 
borne out in general by the experiments. If this were so, for an alloy 
A-B the x-ray emission bands formed by the filling of corresponding core 
vacancies in either of the constituent atoms A and B should be similar in 
width and form. The only instance of confirmation of this by experiment 
is for the ordered compounds Mg,Al, and Mg,Al, ; the Aland Mg K bands 
were found by Farineau to be alike in any one alloy, the breadth increasing 
progressively in the sequence from pure Mg through Mg,Al, and Mg,Al, 
to pure Al. The remaining experimental information, though on a 
variety of alloy systems, seems to indicate a different general behaviour 
from this, i.e. there is often no similarity in form or width of the A and B 
emission bands from an alloy A-B. The A emission band from an alloy 
A-B may differ somewhat from that from the pure element A, though 
this difference is not always perceptible for both elements involved. In 
dilute alloys solvent emission bands tend to resemble those from the pure 
solvent, while the solute bands may differ more appreciably from those 
from the pure solute. In more concentrated alloys both bands can some- 
times be observed to change with constitution. As a general rule, how- 
ever, it remains true that such changes as have been observed are small, 
even where undoubtedly real; and where separate emission bands are 
quite dissimilar the distinction between them tends to be preserved on 


alloying. Ie : 
This general pattern of experimental results fits in with the picture of 


an energy band perturbed in the neighbourhood of the solute ions, the 
perturbation being especially strong when solute and solvent valencies 
are unequal. In this case each solute ion can be regarded as a source of 
a coulomb field, with partial screening by attraction or repulsion of lattice 
electrons. For a concentrated alloy, the approach along the lines of a 
simple perturbation breaks down, but the general idea persists of 
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electrons from different energy ranges being available for filling vacancies 
in atoms of the two kinds. Theoretical treatments for dilute and stronger 
alloys have been given by Friedel (1954) and by Varley (1954). Effects 
of alloying on the density of states near the Fermi surface have also been 
discussed by Cohen and Heine (1958) and Ziman (1961). 

In cases involving alloys with constituents of unequal valency the 
evidence of the x-ray spectra appears to indicate that while each com- 
ponent maintains a large percentage of its valence charge the shielding of 
the ions is incomplete and some sharing of electrons occurs, though this 
is much less than the common band idea would suggest. For example, 
Mg appears to part with electrons to Li, and Al to Mg. The K spectra 
have been interpreted as indicating similar effects with Ni-Zn and to a 
less extent with Cu-Zn alloys. There is special difficulty about inter- 
pretation of these K spectra, however. The x-ray levels involved are of 
s-symmetry and the spectra should reflect only the p-fraction of the 
bands, along with any quadrupole radiation. Parratt (1959) considers 
that the low intensity of the K-emission bands indicates that the 
p-admixture in the d- and s-bands of copper and nickel, etc. is small ; he 
also draws attention to the fact that the results from the K spectra differ 
entirely from those from the L and M spectra ; the latter should give 
information about the d- and s-bands fairly directly since the L and M 
levels concerned are of p-symmetry. It is possible also to obtain experi- 
mentally much better energy resolution in the L and M spectral regions 
of these metals than in the K region. 

The results which are reported here seem to fit in with the general 
pattern of results for alloys which has been outlined. The bands for C 
and Niare considerably different and do not change by detectable eae 
with the constitution of the alloy. Farineau’s work on the L spectra 
seems to agree in the main with our results, though he detect j 
broadening of the Ni band at first w i UD Ent 

1 go at first when Cu is introduced in small 
portions into Ni ; later it returns to normal breadth and finall E 
somewhat when the Cu proportion is high. He finds the C ba Hikes 
very little as Ni is alloyed with Cu until, when the Ni ean changes 
it narrows a little. Because of overlap of the Cu and MR DE 
exposures involved for obtaining solute bands in dilut ; s andthe 
been possible to check whether any similar n s NUM 
bands. No evidence has been f arrowig occurs with the M 

: Pees een found for broadening of the Ni i 
dilute Cu in Ni alloys, however. The problem g of the Ni band in 
EC 8 of understanding the K. 
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with other alloy results, however. It has been pointed out that these 
indicate only small amounts of electron sharing even when the valency 
difference of the constituent atoms is considerable. In the nickel-copper 
system the atoms are a good deal more similar than in most of the other 
alloys studied, and also the face-centred structure persists throughout 
the whole range. "Thus the change of environment of Cu or Ni atoms 
with constitution is of a limited kind in these alloys. Of the other 
systems whose x-ray spectra have been observed the copper-gold alloys 
ed by Catterall and Trotter are the most similar to the nickel-copper 
vs in this respect. It is noteworthy that, in these experiments also, 


Lo o^onge was observed in the copper M band on alloying copper with 
eo 3 : nor was it possible to detect differences between the emission spectra, 


-' She alloy in the ordered and disordered state. 

Ccmarizing, our results may be considered to be in agreement with 
tac general indications of other X-ray spectroscopie work on alloys, 
gà as regards the effect of alloying on the spectra the Ni-Cu system 
is perhaps near one limit of alloy types. 

The following are some of the further lines of enquiry which seem to be 
suggested by the present results, and which it is intended to pursue. 

Spectra from other alloys would seem to be worthy of examination ; 
alloys of zinc or other higher valency metals with nickel would seem of 
immediate interest. Because of the more pronounced valency difference 
of the constituents, electron sharing might be expected to be somewhat 
more pronounced if these alloy spectra fit the general pattern of results 
already outlined. If this occurs to a sufficient degree, evidence for filling 
up of the nickel d-band on alloying may be detectable. There are phase 
changes in the nickel-zine alloy range, and it would also be of interest to 
look for evidence of dependence of emission band forms on crystal 
structure. The interpretation of Cu-Ni spectra has been complicated by 
overlap of the two emission bands from the alloys ; this overlap would be 
less with Ni-Zn. 

Farineau’s results on K spectra from the intermetallic compounds 
Mg-Al, and Mg,Al, do not conform to the general pattern of results for 
disordered alloys, and the problem of the effect of order on the spectra 
seems to be an important one. Repetition of his experiments is desirable, 
and extension to L spectra also. Our instrument should be capable of 
recording L spectra from these materials and it is the intention to attempt 
this in the near future. 

Apart from further experiment on alloys, there appears to be a need for 
more thorough analysis of the process of soft x-ray emission in solids 
before clear-cut conclusions can be drawn from the emission band forms. 
Though there have been improvements in detail the main features of the 
pure nickel and pure copper emission band forms have been known for 
several years, and perhaps attention has not been sufficiently directed to 
the Striking difference in half-width of the high intensity parts of these 
bands. Considering isolated atoms of copper and nickel, the difference 


ino 
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in character of the two ions in which the one-vacancy transitions occur 


must affect the character of the terms and the transition probabilities, 
and this must carry over in some way to the solids. Detailed con- 
sideration, as far as possible, is to be given to these expected differences in. 
the emission spectra in the atoms and in the solids. 
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ABSTRACT 


The optical absorption spectrum of single crystals of CrCl, . 4H,O has been 
studied at room temperature and at 77?x. The broad band at 14 300 em-! in 
the solution spectrum is resolved into three bands at 13 100 em-!, 15 200 em-! 
2 and 18 800 cm~ in the crystal spectrum at 77?k. Two of these bands are 
strongly polarized. Many weak absorption lines have also been detected in 
the region 16 000-24 000 em-! and the observed temperature and polarization 
effects are recorded. "The spectrum is compared with the energy levels pre- 
dicted by ligand field theory and the presence of a large Jahn-Teller distortion 
in this salt is confirmed. The spectrum of CrSO, . 7H,0 has been found to be 
very similar to the chloride spectrum. 


$1. INTRODUCTION 

EXTENSIVE studies have already been made of the optical absorption of 
many iron group elements in both solutions and erystals, and the ligand 
field theory developed by Tanabe and Sugano (1954) and others has been 
applied with considerable success to the interpretation of the observed 
spectra (see reviews by McClure 1959, Runciman 1958). "There remains, 
however, much scope for further Study especially in the case of the less 
common ions. 

In contrast to the much studied 3d? electronic configuration (in particu- 
lar Cr+) little information is available on the optical absorption spectra of 
3d* ions since both Cr?* and Mm?* are chemically unstable. "The only 
reported work on Cr** (Schlafer and Skoludek 1957, Holmes and McClure 

= 1957) concerns the ion in solution, the main feature of the spectrum being a 
broad asymmetric absorption band peaked at 14 000cm. A study of the 
ion in the crystalline state at low temperatures would be expected to pro- 
vide much more detailed information. 

The free Cr?* ion has a *D electronic ground state with excited levels 
°H, P, ?F, °G, 3D lying within 26 000 cm- of this ground state. In the 
presence of a crystalline electrostatic field the orbital degeneracy of these 
levels is partially lifted, the nature of the splitting depending on the 
symmetry and strength of the crystal field. The general features expected 
in the spectrum of Cr?* in the solid state are broad bands arising from the 
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5D level, and weaker, narrow lines arising from 


rystal field splitting of the ars i 
BU. : rge distribution 1s nearly 


transitions in which the spin changes but the cha 


unaltered. E 
Experimentally these characteristics have been observed in the low 


temperature spectra of CrCl, .4H,0 and CrSO,.7H,0. 


$2. EXPERIMENTAL PROCEDURE 
2.1. Preparation of Samples 


The chemistry of the chromous ion, Cr?*, is characterized by a strons 
tendency to pass into the much more stable trivalent oxidation state an< 
hence the successful preparation of chromous salts depends to a large 
extent on the prevention of such oxidation. All the preparations for this 
work were carried out ina glove box under an inert atmosphere of nitrogen. 
Such a box provides a flexible apparatus for the preparation of salts un- 
stable to oxidation (Kranz and Witkowski 1960) and the means of sub- 
sequently mounting unstable crystal samples for optical study. 

Solutions of chromous salts were prepared by reduction of an acidified 
solution of the corresponding chromic (C1?*) salt with a 2% zine amalgam 
and were crystallized by evaporation for several days in a vacuum desiccator 
inside the glove box. Selected crystals, after drying with alcohol and ether, 
were sealed under nitrogen at atmospheric pressure in Pyrex tubes for 
optical study. Such crystals showed no signs of oxidation after several 
months. 

Of the several chromous salts prepared, the chloride and the sulphate 
gave the best crystals for optical study. 

The dark blue-green concentrated solution of chromous chloride gave 
clear blue crystals of a tabular habit, the most prominent faces being 
parallelograms with internal angles of 98? and 82? ( + 0-5°). Samples used 
for absorption studies ranged from 8x 6x 4mm to 4x 4x 1mm. Several 
hydrated forms of chromous chloride are reported to exist (Knight and 
Rich 1911, Sidgwick 1950a), but it is the dark blue tetrahyd. 

IPSOS niche fosnedat eS 

Ge 20, which is formed at room temperature 

omous sulphate soluti NES 

eel se Of a similar colour the 
le, e tabular habit was less pronounced. and th i 

more elongated, with i Beige eee en 
gated, with internal angles of 53? and 127° o 
1954), in a pg c EOD 
1995), paper on paramagnetic reso 
ous sulphate to be a pentahydr; ee ene 
ydrate, CrSO,.5H,0. 


salt to be the heptahydrate, CrS0,. 7H 


O, the fi i 
literature (Remy 1956, Mellor 1937, Sidgwick 19508) 
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Transmission-absorption spectra were measured at both room tempera- 
ture and at 77^K using a 100 w tungsten filament as a continuous spectrum 
source. For low temperature work, the tube containing the sample was 
immersed in liquid nitrogen contained in a Pyrex dewar and for polarization 
idies, a nicol prism was placed between the crystal and the spectrograph 


Zhe spectral range studied photographically was from 30000cm— to 
15000 em, being limited in the ultra-violet by the high absorption of the 
—yzex sample tubes and in the infra-red by the sensitivity of photographic 
.usions. The Pyrex tubes did not impose a severe limitation since the 
cong absorption of the chromous ion, arising from a charge transfer 
oc»woen the ion and its surrounding ligands, begins at ~ 28 000 em-!. 
'avelengths of lines were determined by comparison with a superimposed 
spectrum (iron for the large spectrograph and copper for the medium). 
The aecuracy obtainable was limited by the width of the actual absorption 
line, several lines in the 18000-19000 cm~! region being 100-150 cm 
broad. 

Absorption curves were obtained from the photographie plates using a 
recording microdensitometer. It must be emphasized that, owing to the 
limitations of the photographie method, these curves cannot be considered 
quantitative in intensity of absorption, but are merely intended to convey 
the general features observed on the photographic plates. As far as possible 
the curves have been compensated for changes in sensitivity of the photo- 
graphie plates with wavelength. 


$3. OPTICAL ABSORPTION 
3.1. Chromous Chloride Tetrahydrate 


A preliminary investigation of a dilute aqueous solution of chromous 
chloride, using a Hilger Uvispek photoelectric spectrophotometer, gave à 
broad intense band peaked at 14 300 cm~? (cf. 14 000 cm~! given by Holmes 
and McClure 1957, and by Schlafer and Skoludek 1957) with a band-width 
of —5300cm-!. A photographic study of the same solution revealed a 
weak absorption line centred at 197760 cm and two very weak lines at 
19460 cm~ and 20240cm-. As would be expected for a solution spec- 
trum, these lines were very diffuse (~ 200 cm~ broad). 

In the solid state much further detail appeared in the absorption spec- 
trum. Crystals of CrCl,.4H,O0 were found to be pleochroic. Light 
transmitted by a crystal at 77°K appeared dark blue and light blue-green 
respectively, for complementary settings of a polaroid filter. ‘The direc- 
tions of the E-vector in relation to the tabular face of the erystal for the 
two polarizations (termed (1) and (2) respectively) are shown in fig. 1. 
The pleochroic effects were not as marked at room temperature as at 77°K. 

The room temperature spectrum of CrCl, . 4H,O is also shown in fig. 1. 
From the photographic plates it appears that for both polarizations the 
peak of the near infra-red absorption band in the crystal spectrum is not far 
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from the value of 14 300 cm~ obtained for the solution. Comparing the two 
polarizations, however, it is seen that for (1) absorption extends to higher 
energies and that for (2) there is still appreciable absorption at the low 
energy limit of the range studied. The three lines in the 19 000 cm region 
are more intense and narrower than the corresponding lines in the solution 
spectrum and although the 19 760 cm“ line remains the strongest, they are 
now of comparable intensity. 

The four new lines in the 16000 cm~ region are much sharper than th« 
19.000 cm~ group and the strongest two each have an associated fluores- 
cence on the low energy edge. As the main absorption band masks the 
16000 cm lines, thin crystals (~ 1mm thick) proved best for this region 
while, in contrast, the line at 22 990 emis very diffuse and could be detected 
only with crystals ~ 3mm thick. 


Fig. 1 
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The spectrum of CrCl, -4H,0 at room temperature. 
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The absorption lines in the 19000 cm- group are displaced to higher 
energy by 4300cm-! on cooling the crystal and are resolved into several 
components. The lines in the 18 000cm- region appear in place of an 
unresolved broad absorption at room temperature and show no marked 
change of intensity with polarization in contrast to the band upon which 
they are superimposed. The absorption at 22 990 cm~! is much stronger 
than at room temperature and is just resolved into two components, while 
three weak lines appear near 22000 cm-1, Some plates suggest further 
absorption near 24 000 cm~! but the lines are too weak to be established with 
certainty. 
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The spectrum of CrCl, . 4H,0 at 77°K. 


Several of the absorption lines in the 16 000-17 500 em region are pol- 
arized, the effects being even more marked for the associated fluorescences. 
These polarization results are shown more clearly in fig. 3 in which the 
background band-absorption has been subtracted. In contrast to the 


19000cm™ group, the 16000cm— lines show no significant shift on 
cooling the crystal. 


3.2. Chromous Sulphate H eptahydrate 


The absorption spectrum of CrSO,.7H,0 was found to be closely similar 
to that of CrCl, .4H,0 except that the absorption was much weaker and 
even at 77?x the lines in the sulphate spectrum could not be detected on the 
large spectrograph. The band absorption, including polarization, was 


similar to that of the chloride spectrum although peak values may be 
altered slightly. 
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Apart from a slight displacement to higher energies by up to 300 em, T 
the line spectrum of the two salts was essentially the same, although the 
general drop in intensity meant that the weaker CrCl, . 4H.,0 lines were not 
detected in the CrSO,.7H,O spectrum. However, the following differences 
were evident in the sulphate spectrum : 

(a) Lines at 16 640 cm~ and 16 950 em, together with their associated 
fluorescence, showed opposite polarization to the corresponding 
chloride lines at 16450 cm~ and 16 780 em. 

(b) A new line appeared at 18 120 cm~ in addition to, and more intense 
than, the three chloride lines in the 18 000 cm~! region. 

(c) Fluorescence was present on the highest energy line (20120 cm) 
of the 19000-20000 em! group in contrast to the 19 660cm™ line 
in the chloride spectrum. L* 


= 


Fig. 3 
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M From intensity considerations we expect the bands in the CrCl,.4H,0 

p spectrum at 13100 em-!, 15200 cm~ and 18 800 cm~, to arise from spin- 
allowed transitions and as the only such transition in an octahedral field is 
*E(9D)—-9T,(95D), the presence of three distinct bands indicates a splitting 
of the *T, cubic term by low symmetry components of the crystal field. 
Such a splitting may be attributed to the strong Jahn-Teller distortion 
expected for the dt configuration with 5E ground state. 


» Fig. 4 
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Energy level diagram for the d configuration in an octahedral field. 


An x-ray determination of the crystal structure of CrCl, . 4H,O has been 
undertaken by Sinclair (1962) and it has been sied that the salt is 
isomorphous with ferrous chloride tetrahydrate, FeCl, . 4H,0 (Penfold and 
Grigor 1959). The nearest-neighbour environment of the Crêt ion is 

| found to be a distorted octahedron consisting of four oxygen atoms (from 
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the water molecules) and two chlorine atoms. Two of the oxygen atoms 
are 2:07 4 from the chromium atom and effectively lie on the normal to the 
plane containing the other two oxygen atoms at 2:80 å and the two chlorine 
atoms at 2-42 A with a Cl-Cr-O angle in this plane of 82?30'. Thedifference 
of 0:73å between the two Cr-O distances is highly significant and the 
octahedron could be regarded as subject to an axially elongated tetragonal 
distortion about the long O-Cr-O axis. A similar distortion in many 
cupric salts (d?) has been attributed to the Jahn-Teller effect (Orgel anc 

Dunitz 1957). A considerable rhombic distortion is also present, however, 

and highest symmetry is actually C,,, about the short O-Cr-O axis. 

If the two lower energy bands are assigned to a rhombic splitting of & 
tetragonal 5E term (arising from the ?T, cubic term) and the 18800 cm~* 
band to the third 9T, component, an axially compressed tetragonal dis- 
tortion is implied and the short O-Cr-O direction might better be con- T 

| 


sidered as the tetragonal axis (see Öpik and Pryce (1957), and Liehr and 
Ballhausen (1958) for a discussion of the possible form of the Jahn-Teller 
distortion for an E ground state). Such a large splitting of the "T, term 
also implies a large splitting of the *E ground state. With the above band | 
assignment and taking A—11700cm-!, about the same as that for V2+ 
(see Holmes and MeClure 1957, fig. 2), we obtain a ground state splitting of | 
8000cm-!. Experimental difficulties have hampered a study of the 
CrCl,.4H,0 spectrum in this region, but the observed room temperature 
spectrum suggests that there could be a further band not far below 
10000 cm~ particularly for polarization (2). It is also possible that one of 
the observed bands is actually a transition between the 5E components 
Returning to the octahedral approximation we see from fi 4 th: t 
narrow absorption lines can be expected arising from eem t ll a 
some of the octahedral field levels ?E, °T,, 3T,, 3A 3A, and 2E, of i. poe 
strong field configuration (t,e) as the *E ground Sve ul ae à UN 
transitions being largely independent of minor fluctuatio i des i a 
the free ion B-value of 810 em- and A—11700c ou 
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Som de pe eaton effects (observations were 
m de den po tabular crystal face) does not 
ee : he tabular face ofthe erystalismost 

p Pane in which case the orientation of th 
ystal is as indicated i X 
or for polarization (1 
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some experimental difficulties to be overcome before the polarization 
spectrum can be observed for other crystal directions. 

The close similarity between the spectra of CrCl,.4H,O and CrSO,.7H,0 
rests that the ion site symmetry is much the same in the two cases. 


55 


ay 
su 


Minor variations in the spectra probably arise from differences in the 
: " Ë 1 = i s meno, + 
;oordination ligands, but the CrSO,.7H,O spectrum, even at 77 K, 1s not 
leat enough to follow closely the corresponding changes in the crystal 


Seld. The spectrum may become clearer at lower temperatures. 


$ 5. CONCLUSION 
Our results confirm the presence of a strong Jahn-Teller distortion in 
CrCl, . 4H,O and CrSO,.7H,O and although the general features observed 
in the optical spectra of these salts can be explained on the basis of an 
octahedral field approximation, it seems that low symmetry components 
of the ligand field and spin-orbit interaction will have to be considered 
before a more detailed assignment of transitions is possible. Further 
experimental work including investigation of the infra-red spectra, a more 
detailed study of the polarization effects and observation of the spectra at 

lower temperatures, should prove valuable. 
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ABSTRACT 


A method is proposed to evaluate the index m in Van Bueren's (1955) 
equation Cy= Be’, which relates the concentration of vacancies (Cy) in a 
strained metal to the instantaneous plastic strain (e). The magnitude of m 


[wo distinct types of repeated yielding, each having an activation energy 
of 0-79 ev, are recognized in solid solutions of 1—7 at. % tin in copper. 
Type A yielding is characterized by widely spaced yield points which increase 
in size and spacing as the plastic strain increases. This type of yielding 
begins when the diffusion coefficient reaches a minimum value of 5-7 x 10-?e* 
em? sec-!, where e* is the strain rate. The magnitude of individual yield 
points depends on the instantaneous diffusion coefficient, the time between 
consecutive yield points and the temperature of testing, in accordance with. 
the Cottrell and Bilby (1949) equation for strain ageing. 

Type B yielding, which is superimposed on Type A yielding, is typical 
of unstable dislocation motion and produces rapid fluctuations of flow stress 
during a test. The minimum diffusion coefficient required to initiate Type B 
yielding is 5-3x10-9 e* em?sec-!, which compares favourably with an 
approximate value of 10-? e* cm? sec-! predicted theoretically. 


A mechanism is proposed by means of which both types of yielding may be 
explained. 


$1. INTRODUCTION 


Tus phenomenon of repeated yielding during a tensile test has been 
attributed to dynamic strain ageing and the solute responsible is con- 
sidered to diffuse fast enough to slow down freely moving dislocations by 
forming an atmosphere around them. Eventually, the stress rises suffici- 
ently to cause the dislocations to break away from their solute atmospheres 
and the process is repeated. Accordingly, dislocation movement oscillates 
between fast and slow motion and a serrated stress-strain curve is observed. 

In substitutional alloys, the thermal diffusion coefficient should be too 
low to give this effect, but Cottrell (1953 b) has pointed out that, since a 
finite plastic strain is observed before the first repeated yield point occurs, 
the diffusion coefficient will be enhanced by a non-equilibrium concent- 
ration of vacancies caused by straining. 

If diffusion is vacancy assisted, the diffusion coefficient D can be ex- 


pressed in terms of the vacancy concentration C, b ean. (1) which was 
suggested by Seitz (1952) and Mott (1952, 1953): _ y eqn. (1) 


D —a*vZC, exp (—Q,,/kT), SUC. N) 
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where a is the lattice parameter, v Debye's frequency for lattice vibration, 
Z the coordination number, Q,, the activation energy required to move a 
vacancy, k is Boltzmann's constant and T is the absolute temperature. 

If the origin of the vacancies is purely thermal, the concentration of 
vacancies is fexp(—Q,/kT), in which f is a factor which depends on the 
entropy of formation, exp (S ,/k) and is considered to have a constant value 
in the range 1 to 10, and Q, is the activation energy required to form », 
single vacancy. 

Generally, in experiments conducted at normal temperatures and ir- 
volving plastic deformation, the concentration of vacancies which result: 
from straining the specimen is much greater than the thermal contributio:: 
which may be neglected. The concentration of vacancies which contri- 
butes to the appropriate diffusion coefficient is related to plastic strain by 
the equation : 

QE INEEEE Cu ecce Lat... (2) 


where B and m are constants. Seitz (1952) found experimental values of 
B=10 and m=1 for aluminium alloys, and Friedel (1956) suggested a 
dislocation mechanism for vacancy formation which would account for this 
linear relationship. Van Bueren (1955) predicted that 1-25 « «2, the 
extremes being determined by conditions of single and multiple glide 
respectively. Blewitt ef al. (1955) suggested a parabolic relationship for 
the formation of vacancies in pure single crystals of copper and Bolling 
(1959) found an experimental value of m = 1:36 for alpha brass. E 
This paper describes the characteristics of repeated yielding in the solid 
solutions of tin in copper and proposes a method that can be used to aioe 
mine the relationship between vacancy concentration and strain, in alloy 
which are subject to repeated yielding. eee 


$2. EXPERIMENTAL METHOD 


ge (sensitivity 10-4 in.) 
transferred to the chart 


ion range l to Tat. % tin were made 
wt. % Cu and tin of 99-97 wt, o7 
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purity. The alloys were melted in a graphite crucible and cast into a 
lindrical graphite mould ĉin. in diameter under an atmosphere of dry, 
ified nitrogen. The 2 in. diameter cast bars were vacuum annealed for 
, oval days at a temperature just below the solidus for each alloy then 
'& swaged to 5/16in.diameter. Tensile specimens were machined from 
waged bars to have a cross-sectional area of 1/40 of a square inch 
» gauge length between shoulders of lin. The specimens were 
vi quenched after annealing at times and temperatures chosen to give 
a constant grain diameter of 0-05 mm for all alloys. 


Fig. 1 
T T T at T i 
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aL 
| o Lr | 
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| a 2 
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o - 
o 4 
| 1 
[S] 705 40 = 5 -— do + 


15 20 
STRAIN (UNCORRECTED) 


Typical load-extension curves obtained by straining a 3-2 at. % Sn alloy at a 


strain rate of 14x10-4sec at the temperatures indicated. No 
correction has been made to allow for machine elasticity. 


$3. THe RELATIONSHIP BETWEEN VACANCY CONCENTRATION AND 
STRAIN 


Cottrell (1953b) has shown that the first repeated yield point will occur 
when the diffusion coefficient has reached a certain minimum value which is 
related directly to the strain rate e*. Since the instantaneous diffusion 
coefficient during plastic straining is directly related to a function of strain, 
the minimum diffusion coefficient, Dii will also be proportional to a 
function of ep, the strain at which the first yield point occurs. At constant 
alloy composition and temperature, therefore, Dyin. ee f neo: 

Tensile tests conducted at constant temperature EL oll: composition 


over a range of strain rates should therefore define the relationship between 
P.M. Sree 


—À—— ae 


28 
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vacancy concentration and strain. The quantity e, is defined in fig. 1 as 
the plastic strain which the specimen undergoes to the beginning of the 
first yield point. 

Specimens containing 3-2at.% Sn were tested at 398°K with strain 
rates between 4x 10-9sec-! and 3:25 x 10-3sec-!, and the results are 
shown in a log-log plot in fig. 2. The relationship between e, and e* up 
to a strain of 10% is given by «*=Ne,??+°, where N is a consta: 
whieh depends upon testing temperature and composition. At strains 
greater than 10%, the slope changes continuously. In order to test the 
relationship over a range of temperatures and compositions, further test: 
were carried out with 3-2 at. % Sn alloy at 383?& and 423°K, witha 1-1 at. % 
Sn alloy at 423?x and with a 4-7 at. % Sn alloy at 398?x. 


Fig!2 


TIN TEMP. 
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$4. THE DETERMINATION OF AN ACTIVATION ENERGY 
4.1. Introduction 


time curves presented in fig. 1 show that there are two types 
yielding which occur during the deformation of tin bronze. 
h is designated Type A, occurs at lower strains and presents an 
entirel: 5 sopearance to Type B yielding, which is characterized by 
bre «m curve similar to those first described by Portevin 


o2 


a Sserrate( 
and Le Chateler (1923). 

Type B yiciiinz was described quantitatively by Cottrell (1953 a b), and 
is attributed to uustable dislocation motion, a condition which is brought 
about when the diffusion velocity of the solute is almost matched to the 
drift velocity of the dislocations. 


z; 
Fig. 3 
T T T T T T T T T T T T] 
af 3| 
€" 7 | 
[9] TYPE B YIELD BEGINS 
x 
€ 
3 
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$ TEMP. 4239K 
d £' 125XIO^ sec" 
5 4 
p Srt i =i R 
14 46 iB 20  .22  .24  .26 28 30 32 34 36  .38 40 


STRAIN. (UNCORRECTED) 


A section of a typical load-extension curve showing the nature of Types A 


and B yield points. The quantities ^e and Ace are defined diagram- 
matically. 


However, Type A yielding is a much slower process in which one yield 
point oceurs after every one or two per cent of strain, figs. 1 and 3. In be- 
tween the yield points the stress builds up above the expected flow-stress 
curve, gradually at first and then more rapidly, until the specimen yields 
suddenly and the process is repeated. 

Both types of repeated yielding are analysed in relation to the diffusion 


of tin atoms to dislocations. Only limited data were obtained for Type B 
yielding in the temperature range investigated. | 


4.2. Activation Energy from Type A Y: welding 
Under conditions of constant strain rate and composition, the diffusion 
coefficient for repeated yielding to begin should be constant and the 
expression €)”* exp ( — Q, T), derived from eqns. (1) and (3), should also be 


282 
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constant. An investigation of e, as a function of temperature at constant 
strain rate and composition, therefore, will provide information from which 
the activation energy for vacancy movement can be obtained. 

The effect of temperature on ey was investigated at a strain rate of 
1-6 x 10-5sec-! in alloys containing between 1-1 and 6-9at. one The 
results are given in fig. 4, in which log;, €o is shown as a function of the 
reciprocal temperature for each alloy tested. Each line in fig. 4 has a 
slope of (log;;e Q,,[2:2 kT) and, in all cases, the activation energy obtained 
was Q,, — 0-79 + 0:05 ev. 

In a number of experiments the magnitude of e, was greater than 0-1 
which lies in the region where vacancy concentration is not proportional 
to e?? and the activation energy may be slightly overestimated. 


Fig. 4 
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yield drops. The effect should not be confused with waviness of the 
flow-stress curve between Type A yields at lower strains. 

Tn fig. 4, logy) ej, the strain required to initiate Type B yielding is shown 
£5 & function of (1/7) and within the degree of accuracy which can be 
ted from such few data, the activation energy Q,, is 70-79 ev. 

"t is concluded that both types of repeated yielding are activated by the 
a3 process. 


$5. THe Errect or COMPOSITION 
‘Dae effect of tin concentration on e, at constant strain rate of 1:6 x 10-4 
sce can be obtained from fig. 4 and the results are presented in fig. 5 for 
temperatures between 363°K and 423°K. In all cases the equation 
relating e, to the concentration of tin is of the form : 


eo = IK C-05::0:05) e... (5 
d where.K is a constant which is sensitive to both temperature and strain rate. 
| 
Fig. 5 


LOGioC sn 


The effect of tin concentration on the initiation of Type A yielding. 


A possible explanation of this effect is obtained if the strain ageing 
process is thought of in terms of the movement of tin atoms to dislocations 
by a vacancy mechanism. 

If n is the average number of jumps made by a vacancy before it reaches 
a sink and V the total number of vacancies per atom of alloy produced 


during time, t, the total number of jumps made by tin atoms per atom of 


alloy in time tis proportional to nVOg,. 


| 
| 
| 
| 
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Further, in a normal diffusion experiment, the number of jumps made 
by tin atoms in time ¢ is Dg, t[a?, where a is the jump distance. It follows l 
that Dsn ocn V Cs a?[t. Consequently, the diffusion coefficient can only 
remain constant at different tin concentrations, if the product VC, is 
constant. 

Tt is assumed that repeated yielding begins when the diffusion coefficien: 
reaches a fixed minimum value under conditions of constant strain rate. 


Consequently, any change of composition with both the strain rate and | 


temperature constant will require that VC, =a constant. 


Since Voc Be?? the above expression can be rewritten as ej" *ocCs,! 
Therefore, e, oc Cs, oc G Aes 10:08)" 


t B . B . | 
This expression is in reasonable agreement with eqn. (4). 


Fig. 6 


TESTING TEMPERATURE OX 


373° 


45 -20 
2 
STRAIN & © 


The magnitude of the yield drop Ac shown as a 


functi ; : 
e at a number of different GbR the Plastic strain 


-30 35 740 
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c, is the yield stress, o, the flow stress and K a constant which depends on 
the degree of dislocation locking. Accordingly, both Type A and Type B 
vislcing may depend in some way on the formation and propagation of a 
‘tormation band which moves along the specimen. 


$7. Tus NATURE OF TvPE A REPEATED YIELDING 


cen be seen in fig. 1 that both the amount of strain between consecutive 
points, Ae, and the size of each successive yield drop, Ac, increase 


Fig. 7 
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The magnitude of the yield drop Ac shown as a function of the ageing time, 
t, between yield points at selected temperatures. 


Fig. 8 
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The strain between consecutive yield points, Ae, plotted as a function of the 
strain, e, at which the second of each pair of yield points occurs for the 
temperatures indicated. : i S 
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with an inereasing amount of plastic strain. The size of Ac is pre ee a 
function of the plastic strain in fig. 6 for a number of testing temper anumas 
and Ao grows to a maximum value at a rate determined largely by Me 
testing temperature. At low temperatures this maximum value is not 
reached at strains less than those required to cause fracture. — A" 

The maximum values of Ac observed in these testscorrespond closely wit" 
those obtained by Russell and Vela (1936) in static tests, in which tin bron: S 
specimens were aged under stress at similar temperatures for various agelr.t 
times. Since all the tests were recorded on a load—time basis, it is possibic 
to obtain the ageing time between successive yield points and, in fig. 7, 
Ao is shown as a function of the ageing time, t, ‘for a number of testing 
temperatures. In the low-temperature tests, both the strain at which 
Type A yielding begins and the time between yield points are a large, condi- 
tion which appears to result in rather high values of Ac at the lower end 
of the curves. 

Another feature is that the strain increment between successive yield 
points Ae is proportional to the strain e at which the second of each pair of 
yield points occurs, fig. 8. This implies that the strain which occurs be- 
tween two consecutive yield points depends on the instantaneous gauge 


i length of the specimen. 

i When Type B repeated yielding occurs, it is superimposed on Type A 
i" yielding which continues throughout the test until fracture occurs. 
| : Finally, the magnitude of the yield points observed has been shown 


to have a dependence on the grain size which conforms with the expression 
Acccd?. This implies that, in some way, the repeated yielding effect is 
dependent on the propagation of a deformation front. 


$8. PROPOSED MECHANISM 


It is considered that a narrow deformation ba i i 
md, which gives a - 
stant extension to the material within it, passes down the crise d 
once, between each two consecutive yield points. The amount of extension 
CONUM Au EUR s points would then depend on how far the band had 
avel before it completed its traverse of the 
: gauge length, and A 
ue UNE A The a sources within the band d be m E 
atmospheres and move rapidly due to st; ion i 
the band, whereas those left behind M I RE 
; ; would creep more slowl 
applied stress and gradually slow down as thei eee e 
their solute atmospher 
renewed. During this time, the flow str i ae 
1 ; ess would rise due to work h 
ing and to a gradual increase in the degree of cone 
1 tmosphere locki i 
tage is shown at point A, fi mo s dod 
i I fig. 3, by the gradual rise of flow stre 
JU ' ; 3 ss above t 
mal parabolic relationship expected from work hardening E 
rione to such a degree that plastic flow is 
the stress rises sharply, point B, fig. 3, until it 
rmation band and a sharp 
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Accordingly, Type A yielding is thought to be concerned with the ageing 
of dislocations left behind a deformation front which moves along the 
coeeimen every few minutes. When Type B yielding occurs, the fast 

: moving dislocations situated in the deformation band age during straining, 

rd 5 condition which requires a higher minimum diffusion coefficient, and 

vofore a greater plastic strain for its initiation, than required for Type A 

yiciding. Unstable movement of dislocations in the deformation front 

vould result in a jerky progress of the front and the typically serrated 

stress strain curve observed. In this model, the presence of Type B 

yielding does not preclude the simultaneous continuation of Type A 
yielding. 


$9. DISCUSSION 
9.1. The Strain Ageing Kinetics 

Cottrell and Bilby (1949) have shown that, in a strain-ageing process, 
the fraction of total dissolved solute (m/n) migrating to dislocations in 
time at temperature T' may be written : 

my = 3(m7/2)"8ngL(ADYkT)23, . . . . . . (8) 
where L is the dislocation density and D the diffusion coefficient. A is an 
interaction constant, which is estimated from lattice parameter measure- 
ments made by Owen and Iball (1935), to be 6 x 10-?? dyne cm? for tin 
bronzes. 

In terms of the proposed mechanism for Type A repeated yielding, 
Ao will be determined by eqn. (5) and will depend on the diffusion coefficient 
of tin at the particular strain and temperature involved and on the ageing 
time between consecutive yield points. 

Therefore, at constant strain and temperature 

M/N C Ao, No max oc (Dt)? oc (e? 24)23. 

It follows that log;9(Ae;/Aemax), plotted as a function of logo (e*?t), 
will result in a straight line of slope 3. This relationship is confirmed in 
fig. 9, using an alloy containing 3:2 at. % Sn tested at 408?x as an example. 
The quantity Ac, is the size of Ac at time f, all other factors being 
constant. 

A similar test with results from figs. 6 and 8 can be used to determine 
the effect of temperature on Ac, From fig. 8 it follows that the ageing time 
between yield points is constant at constant strain for specimens tested 
in the temperature range 383°K to 423?x. Values of Ac, obtained at 
different temperatures and at a constant amount of plastic strain can be 
obtained from fig. 6. If a constant strain and therefore a constant ageing 
time between consecutive yield points is selected, then, from eqn. (5); 

Ao,/Aomax & (D/L)? oc [exp (—Qm [I Typ e. 
The quantity logy) (Ac/Acmax) is plotted as a function of logo 
[exp(—Q,,/kT)/T'] for an alloy containing 3-2 at. 95 Sn at a constant 
Sum onae in ae tO and the slope is again 3 as predicted. 
2 dad e e - confirm the ideas that Type A yielding is dependent 
y -assisted diffusion of tin atoms to dislocations, and that the 
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kinetics of the process are described by eqn. (5) up to the completion of l 
atmosphere formation. They also show that, in Type A yielding, a specific ! 


ageing time is required before the dislocations are locked sufficiently to 


form a yield point. 


Fig. 9 
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not equa i to unity at the completion of ageing and (Aoj/ Aemax) = J?P(nj[ng), 
3 is a proportionality constant ; which cannot be evaluated from 
's in the present investigation. 
both ageing time oco yield points and the instantaneous 
təx eoefücient contribute to the magnitude of observed yield points, 
cossble to obtain an effective vacancy concentration Cy em, which 
tuted in the diffusion equation for the purpose of describing 
kinetics. 
s from the above and from eqns. (1) and (5) that 

D= J [Ao] Nemax[3(z]2):2 P? [ET] D? At =a?vZB ?? exp ( — Qul ET). 

The constant B'|J can be evaluated taking k=1-36 x 10-16 erg deg™. 
A=6x 10-2 dynes em2, «—3:65x 10-5 em, v= 10! sec?, z—12 and 
Q,=0-79ev. Lis assumed to have a value of 10!? lines em-? in the range 
of strains investigated. Values of Ao;/Aemax, T and t are extracted from 
figs. 5 and 6 and the calculated values of B’/J are given in table 1. B'/J 
was estimated for a number of alloy compositions edi these results are also 
shown in table 1. The constant B’ has been used in place of B from eqn. (2) 
because solute concentration is thought to influence the diffusion constant 
as shown by its effect on e, fig. 2. .B' is assumed to be equal to BC,,. 

The results in table 1 show that B'|J-T-8 Cone Consequently, B/J=7-8 
and the effective vacancy concentration is given by Cy em 7:8 Cg, e? 

The results are necessarily approximate since the dislocation density 
is not constant over the range of strains used to determine table 1. How- 
ever, the possibility that tin concentration should be included in the 
diffusion coefficient is demonstrated. 

A convenient diffusion coefficient which can be used to describe the 
kineties of repeated yielding in tin bronze alloys can be taken as : 


Dyner =VIVZTS C5, e??exp (—Q,,/kT) 
=1-33C,,<?"exp(—Q,,/kT). |. . . . . (6) 


where 


Table 1. Average values of .B'|J for a number of alloys 


B'[J average 
0-16 
0:25 
0:37 
0:53 


B'IJ 51-808; -B/J 7-8. 


9.3. Minimum Diffusion Coefficients 


Tt is instructive to compare the minimum diffusi 
sion coe 
for Type A and Type B yielding with the theor ical 
calculated approximately for conditions of 
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Cottrell (1953a) has shown that the optimum diffusion oe i 
which the drift velocity of solute is matched to the drift velocity of moving 
dislocations is given very approximately by : 


D=(A/4kT)(UmbL)c*, . . «o... 0 


where A, K, T and e* have their usual meanings, / is the average length o 
operating Frank-Read sources, V the number of these Sources 2 : iu 
volume of alloy, b the Burgers vector of operating dislocations and Es 
mean area covered by a dislocation loop before it meets an pa ition. 
Using approximate values suggested by Mott (1952, 1953) of L=10 gm ; 
N2105 b=2:85x 108cm and L=10-*em, then in the range of tem- 
peratures 383?x to 408?x,.D--10-?e*. The minimum diffusion coefficients 
obtained for both types of repeated yielding are given in table 2. "These 
are caleulated by substitution of the appropriate values in eqn. (6). 


$10. SUMMARY AND CONCLUSIONS 

(a) Two distinct types of repeated yielding were recognized in copper—tin 
| alloys. Type A yielding which occurs at a minimum diffusion coefficient 
i Of Dmm 9:7 x 10-"e*, where e* is the strain rate, is characterized by 
widely spaced yield points, the size of which depends on time between 
yield points, the instantaneous diffusion coefficient and the temperature 
of testing in a manner consistent with the strain ageing equation proposed. 
by Cottrell and Bilby (1949). 
(b) Type B yielding which is superimposed on Type A yielding in tests 
carried out at low strain rates and elevated temperatures, is typical of 
unstable dislocation motion, and produces rapid fluctuations of flow stress 
| during a test. The minimum diffusion coefficient, required for Type B 
) yielding is Din — 5:3 x 10-9e*, which compares quite favourably with the 
approximate theoretical value of Dmin = 10-9e* predicted by using Cottrell’s 

(19532) analysis of the phenomenon. 

(c) The activation energy 
is 0:79 + 0-05 ev, and this is 
to move a single vacancy 
6-9 at. % tin in solution. 


(d) The concentration of vacancies created in deforming tin bronze 
alloys is shown to be related to plastic strain by the equation C, = Be22 
in the region 0 to 10% strain. The magnitude of the constant B could 
not be determined from results of the present Investigation. ' 

(e) A mechanism is pr 


: oposed to explain the two t f ieldi 
in which a deformation band passes Mc. E RE 


à defor down the specimen once between each 
pe A yield point. Type A yielding occurs when dislocations left behind 
3 bai time to strain age before the succeeding band passes 


€ A yield point depends on the time 
ture of testing, and on the instant- 


determined for both types of repeated yielding 
thought to be the activation energy required 
In tin bronze alloys containing between 1-1 and 


uic 


unetion o tic eB 
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yielding occurs when the velocity of solute atoms diffusing through the 
alloy is about equal to the drift velocity of dislocations in the deformation 
band. r3 l 

(J) The cffect of solute concentration on the onset of repeated yieldizg 
is shown to be represented by the equation, e =K Cs, TP. This is explain s d 
in terms of the effect of solute concentration on the diffusion coefficient c2 
tin and thereby on the rate of strain ageing. 
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ABSTRACT 


A qualitative description is given of the surfaces of potassium bromide 
ingots, grown from the melt by the Kyropoulos method. Steps, visible 
under the microscope, which extend over parts of the ingot surfaces, are 
attributed to normal growth from the melt. 'The growth steps project 
forward in the neighbourhood of a grain boundary. Large, high-stepped 
growth formations are shown to be caused by the solidification of discrete 
drops of liquid remaining on the ingot surfaces after lifting from the melt. 


$1. INTRODUCTION 


During the course of preparation of single crystals of potassium bromide 
by growth from the melt using the Kyropoulos technique, large, stepped 
growth formations were observed on the surfaces of some of the ingots. 
This paper will give a qualitative description of these growth formations — 
and of some other aspects of the ingot surfaces which were examined 
under the microscope in the hope of relating the surface topography to the 
bulk properties of the crystals below the surface. 

Previous work (Elbaum and Chalmers 1955) on the topography of the 
solid-liquid interfaces of other types of crystal grown from the mel 
usually been carried out using a decanting technique to remove the liqui: 
from the solid-liquid interface at high velocity. It has been assumed that 
the growth. surface actually examined represents the true soli üd 
interface characteristic of normal, undisturbed growth, and: 
surface has not been changed by spurious effects occurring whil 
is being separated from the melt. Since the potassium bromi 
with which this paper is concerned were grown in the ce 
experimental work, no special technique was used to remo: 
from the melt. Thus it was necessary to determine which 
features of the growth surfaces examined und 
formed by normal, undisturbed growth from th 
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$2. RYSTAL GROWTH 


The ingots of potassium bromide were grown in à vertical tube furnace, 
in air, with the melt contained in a silica beaker, and with the seed crystal | 
ik held in a water-cooled brass chuck. Each ingot grew downwards and | 
| outwards from the seed crystal, the growth rate being maintained at a 
i constant value of about 5mm/hour by adjustment of the furnave 
| temperature. ‘The seed was not raised during growth. 

The final ingot, measuring approximately 3 cm in radius, was lifted 
from the melt, and the furnace temperature lowered until the melt ha” 
solidified. Then the ingot was broken off at the seed and allowed to res: | 
on the contents of the beaker while the furnace cooled to room tempera- 
ture. Alternatively, to determine the effect of growth from the vapour 
phase during the cooling period, ingots were removed from the furnace | 
and cooled to room temperature immediately after lifting from the melt. | 

j t 
4 


After cooling, the ingots were cleaved into sections and examined in 
transmission under the microscope. 


ia 
I 
i 
4 
i 
- 


The stepped regions on the surface of a typical KBr i 
3 ngot. i i 
is vertical A figure. essc Le Lieesrtion 


§ 3. STEPS ON SINGLE CRYSTAL INGOTS 
Figures 2, 3, 4, 5 show the surface steps in detail. 


lie in {100} planes, and cover the par i 
oe , ts of 
within about 20° to the {100} Siren ais 


The steps apparently 
got surface which lie 
Figure I sketches the general form | 
a single crystal ingot grown with a : 


Other parts 
ough individu 
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mechanism, were just visible. Growth from the vapour phase was also 
inferred from the appearance of the growth steps of slowly cooled ingots 
as compared with the quenched ingots. Parts of the steps took on 
‘geometrical form’, in that the melt-formed step edges now included 
straight portions lying along the [100] directions. Apart from these minor 
modifications, however, growth from the vapour phase during the cooling 
period had little effect on the appearance of the surfaces. 


$4. GRAIN BOUNDARIES 


step: cimilar in nature to those described above were observed on the 
surfaces of the individual grains of polycrystalline KBr ingots when the 
ingot s.-:ace lay within about 20° to the (100) directions of a particular 
grain. +s in the case of single crystals, when the surface of a polycrystal- 


line ingot included a region coinciding with a {100} plane (corresponding to 
point A in fig. 1), steps were directed outwards from that region. 

A characteristic type of surface configuration occurring in the neigh- 
bourhood of grain boundaries of KBr polycrystals is shown by figs. 2 and 
3. Near each boundary, at a distance which can vary from 15 microns 
to about 50 microns, each growth step projects forward quite regularly. 
At the boundary itself, each step is retarded and there is a sharp discon- 
tinuity on the surface. As shown in fig. 2, a triple grain boundary 
junction can act as a nucleating source for the steps. 


$5. GROWTH FORMATIONS 


On many of the ingots examined under the microscope, large, high- 
stepped growth formations were found to be present on the stepped regions 
of the surfaces described above. Figures 3, 4, 5, 6 show examples of these 
growth formations observed on the surfaces of single crystals and poly- 
crystals. External diameters range from about 60 microns (fig. 5) to 
about 6 mm (fig. 6) with respective total heights of 10 microns and 2 mm. 
Different types of centres were observed on the various formations. The 
most common type of centre (fig. 5) had a curved irregular appearance, 
but occasionally spiral (fig. 3) or faceted (fig. 6) centres were present. 
The growth formations cleaved along the same planes as did the parent 
crystals. 

Comparison of the surfaces of slowly cooled ingots with the surfaces 
of quickly cooled ingots showed that the formations were only slightly 
modified by growth from the vapour phase during the cooling period. 

It has been found by direct observation that these stepped growth 
formations arise from the solidification of discrete droplets of liquid 
remaining on the surfaces of the ingots after removal from the melt. A 
cleaved crystal was suspended from a cooled holder, heated in a horizontal 

tube furnace, and then examinvd with a telemicroscope (magnification 
“x 20) positioned 15 cm fromthe specimen. When the surface of the 
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Fig. 2. Regular growth steps extending over the surface of a KBr polycrystal. 
Near each grain boundary, the steps project forward. Growth steps | 
originate at the triple grain boundary junctions. (Magn. 40 x.) | 


Fig. 3. Large growth formation with an irregular spiral visible at its centre. 1 
Overall height is about 0-2 mm. A triple grain boundary junction is 
present at the bottom left-hand corner. (Magn. 40 x .) 


Fig. 4 


imum height above the ingot 
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| Fig. 6 Fig. 7 


Fig.6. A very large growth formation. The central core has a regular faceted 
surface. Overall height is about 1-9 mm. (Magn. 8x.) 


Fig. 7. Growth formation on the vertical face of a KBr crystal after 
resolidification. (Magn. 15 x .) 


Fig. 8 Fig. 9 


drop. (Magn. 15x.) 
ig. 9. Profile of the growth formation 


8. Stepped growth formation caused by the sol 
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crystal melted, liquid flowed down the side of the crystal, forming a 
large pendant drop hanging from the bottom, horizontal (100) face of the 
erystal. When the furnace temperature was lowered, solidification of 
the ‘wet’, vertical (010) surface and of the pendant drop was observed 
with the telemicroscope. 

Figure 7 shows the stepped configuration resulting from the solidifics.- 
tion of a discrete drop of liquid lying on the vertical face of the erystc.. 
Figures 8 and 9 show plan and profile views of a large ' growth formatio: 
resulting from the solidification of a large drop of liquid suspended from tl: » 
bottom, horizontal face of the crystal. The different stages in the solid:- 
fication of a typical discrete liquid drop are described in diagrammatis 
form by fig. 10. The first stage of solidification actually visible throug: 
the telemicroscope is shown by fig. 10 (c). The liquid initially in the form 
of a discrete droplet (fig. 10 (a)) has suddenly receded from side A of its 
original position, revealing a high, well-defined step. At the same time, 


Fig. 10 


(a) (b) (c) (d) 
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growth from the melt. Presumably, when an ingot is removed from the 
melt, a film of liquid adheres to the surface and breaks up into droplets. 
The shape of each droplet must be determined by the magnitude of the 
surface tension of the liquid, and by the angle of contact between the solid 
and liquid phases at the base of the drop. A complicating factor is the 
presence of unknown concentrations of impurity in the melt. During 
normal, slow growth of a potassium bromide crystal from the melt, 
i ill be rejected by the advancing growth interface into the bulk 
5. During growth inside a discrete liquid drop, however, 
y wiil accumulate in the liquid phase. This would account for the 
solidification of the centres of the growth formations, because the 
15 the last part of liquid drop to solidify, will contain the 
tration of impurity. 
We w decide whether the visible steps covering large areas of the 
ingot surface were formed before or after removal from the melt. As 
mentioned previously, the steps were not formed by growth from the 
vapour phase during the cooling period although they may have been 
modified during long cooling periods. Also, it is unlikely that the steps 
could have formed suddenly beneath the film of liquid adhering to the 
surface immediately after lifting the ingot from the melt. It is more 
reasonable to assume that the steps were present during normal un- 
disturbed growth from the melt. However, after lifting the ingot from the 
melt, solidification will continue momentarily beneath the film of liquid 
until the liquid breaks up into droplets. "Thus, if growth occurs by one- 
dimensional nucleation at the step edges, the appearance of the steps may | 
be altered by the solidification of the film of liquid. 
The only case in which the form of the growth interface can be related 
to the properties of the bulk KBr crystal beneath the surface is that of 
growth at grain boundaries. However, qualitative examination does not 
enable us to determine whether this effect is characteristic of normal 
growth or whether it is caused by liquid adhering to the growth interface 3 
after removal from the melt. 
The surfaces of KBr ingots are similar in some respects to the surfaces 
of metal ingots separated by the decanting technique of Elbaum and + 
Chalmers which was mentioned previously. In the first place, parts of . 
the decanted surfaces of the ingots displayed visible steps. Elbaum and 
Chalmers attributed these steps to normal growth from the melt and 
proposed a mechanism to account for their presence. 
of the decanted surfaces there wer 
those described in the present paper (cf. figs. 6 and 7, Elbaum and 
Chalmers (1955)). 
is not completely s 
although the steps i 


Digitized by Arya Samaj Foundation Chennai and eGangotri i 


638 On the Surfaces of Melt-grown Potassium Bromide Ingots 


$ 7. CONCLUSIONS 


Macroscopic growth hillocks frequently observed on the surfaces are 
caused by adherence of the liquid after removal from the melt. ‘They are 
not characteristic of normal, undisturbed growth, but appear to be 
purely a surface tension phenomenon. The observations suggest that 
steps present on the surfaces take part in normal growth although they 
may be modified by liquid adhering to the surface after lifting from | ' 
melt and by growth from the vapour phase during the cooling perioc.. 
Regular discontinuities in the growth steps may be observed in t! 
regions of high-angle grain boundaries. It has not been determines. 
whether this effect is characteristic of normal growth, or whether it is 
caused by liquid adhering to the growth interface after removal from the 
melt. Similarities between the KBr surfaces and the decanted surfaces 
of metal ingots suggest that the decanting technique is not completely 
successful in separating the melt from the solid. 
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ABSTRACT 


The Mr, rr emission spectra for pure copper, pure zinc and «-brass 
(30% Zn, 70% Cu) are measured by methods previously used for niekel-copper 
alloys (Clift et al. 1963). The zinc emission spectrum is the same for the face- 
centred x-brass phase and the hexagonal pure zine structure. 


$1. EXPERIMENTAL 
Tuer methods used for the present study have been described elsewhere 
(Curry and McNeill 1960, Clift et al. 1963). Longer exposures have been 
needed because of the low zine content of the alloy, and the lower response 
of the current batch of special photographie emulsion. 


$2. RESULTS AND COMMENTS 


Figure 1 shows a total intensity curve, including background, for pure 
zinc, and a similar curve for the copper—zine alloy. The corresponding 
curve for pure copper appears in the earlier paper (fig. 2 of Clift et al. 1963). 
The pure zinc spectrum derived from fig. 1, after subtraction of back- 
ground and normalization at the zine peak, is shown in fig. 2; the zinc 
spectrum obtained experimentally by Skinner ef al. (1954) is also shown 
for comparison. The two curves agree well, the discrepancies lying well 
within the error of 0:5 ev given by Skinner e al. The L spectrum as 
obtained by Farineau (1938) has a similar shape but is rather less broad. 
There is however a distinct difference between Farineau’s curve and that 
referred to by Parratt (1959) as an unpublished result of Spielberg, 
Soules and Shaw ; and the form of the T, emission band. of zine seems 
more in doubt than that of the M band. 

The alloy and pure copper spectra, with backgrounds subtracted, are 
shown in fig. 3 normalized at the copper peak. Assuming the copper 
spectrum from the alloy to be the same as that from pure copper, sub- 
traction of these curves should give the zine contribution to the alloy 
emission, since the zine spectrum lies entirely at energies above 72 ev. 
Figure 4 shows the zinc spectrum obtained in this way, normalized to the 
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pure zinc emission at 78-2 ev. This agrees closely with the pure pir 1 
curve; the assumption that the copper emission is unchanged in the 
alloy is also confirmed by this result. 


Fig. l 
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| The small difference between the copper and alloy curves below 72 ev is 
| accounted for in this way ; it is also clear that this small amount of 
| carbon emission does not affect the conclusion arrived at in the region 
above 72 ev. 
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It may be noted that Catterall and Trotter (1962) found no differences 
in the copper M emission from pure copper, and from the alloy CugAu in 
both the ordered and disordered forms ; a result which appears to be in 
agreement with the present conclusion regarding the zinc emission. 

The K emission spectra for the whole range of copper—zine alloys have 
been investigated (Bearden and Friedman 1940), the results showing 
progressive changes in the shape of both the copper and the zine K bands 
on alloying. However, as is explained in our earlier paper, no usefut 
comparison can be made between the K and M spectra. 
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ABSTRACT | 
Qualitative indications are given that for a number of thermocouples the | 


relationship between resistivity and thermo-e.m.f. is fairly simple. It is also 
shown that under certain conditions Mott's equation for thermo-power is 
directly integrable and leads to an equation for a couple of metals A and B, 
with junctions at 7), Ts: 


2cbo — paF (T) + 
a Vr= [ log emm | , 

e piF (T3) g 
where , Vy is the e.m.f., c is a constant, ¢, is Fermi energy at 0°K, eis electronic 
charge and p is resistivity. F(T) gives the effect of ionic vibrations in the 
| lattice, being 7'(1 - 2« T) at high temperatures, where « is thermal expansion 
| coefficient and y relates change in volume to change in Debye point. Data 
| for platinum and copper are shown to be consistent with this equation and 
data for some other non-transition metals are not inconsistent. Since the 
| equation relates thermo-e.m.f. to deviations from the ' standard ' form for 
| resistivity, extreme accuracy is required and thermo-e.m.f. and resistivity 

| should preferably be measured on the same specimen. 


$1. INTRODUCTION 


| Tur treatments usually adopted for thermo-electric phenomena are quite 

| complex and often not suitable for practical application. Sondheimer 

(1950), for example, comments on the ‘well-known inadequacy’ of free 

| electron theory in this respect. On the other hand, McDonald and Pearson 

te (1953) and Ziman (1960) state that the electron-lattice interaction is 

reasonably well understood. One might conclude therefore that the 3 

inadequacy lies in the relationship between the first-order phenomenon, TONER 

resistivity and thermo-electric phenomena. l 
Examination of resistivity and thermo-e.m.f. data gives several 

qualitative indications that this relationship is fairly simple over a wide 

range of temperature, and the conditions under which Mott’s equation is 

directly integrable are investigated. This leads to an equation: which 

shows that extreme accuracy is required of any resistivity data used in an 

attempt to predict e.m.f.'s, so that preferably resistivity and e.m.f. 8 ld 

be measured on the same specimen. Such data are not usually & ) 


and examination of various compendia is not reassuring. For exami le, 


X. 
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data for copper in ‘Temperature’ (1940) are consistent with an approxi- 
mate formula for resistivity while those for silver are not. Under these 
circumstances, detailed references are only given where the data are believed. | 
to be particularly accurate. 


$2. QUALITATIVE INDICATIONS 
In a thermocouple circuit of metals A and B with junctions whose | 
properties are denoted by suffixes 1 and 2, the e.m.f. appears to be relatec. | 
to the ‘relative resistivity difference’, A = [ps/pi]5 - | 
Fig. 1 


200 


PHASE 
CHANGE 


-100 
Tz in RE 


Variation of V and A with temperature for a Cs/Pt thermocouple. 


-150 -200 


Thus a caesium-platinum couple shows an e.m.f. zero for Tı=0°c and 


T,= — 165°C. at which point A is also almost zero (fi i 

MI. tA g.1). Tin, macnesiu 
aluminium and lead show similar e.m.f. zeros, and the use of A do SEA 
these points (extrapolating from higher temperatures where necessary to 
avoid discontinuities in data at — 80*c) gives the results shown in table 1 


Ta, °c, for e.m.f. zero 


Observed 
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The use of minima in A to predict e.m.f. minima for these couples and 
some fifteen others gives qualitatively correct answers in over three- 
quarters of the cases, despite the aforementioned discontinuities. Indeed 
zes of the errors appear to be roughly correlated with the sizes of 
nuities in the slopes and magnitudes of the resistivity curves. 
at higher temperatures (0 to 1500°c), log—log plots of e.m.f. 
agains. ^ for some twenty-one couples give straight lines with slopes falling 
into two groups ; one with slopes of about unity (fig. 2) and the other (which 
includes 2s against Cu, Ag, Ni, Rh, and Alumel and Fe against constantan) 
with a523 of about 0-8. (Ferro-magnetic materials show a change in 
slope coo" the Curie point.) While straight lines can be obtained in plots 
st -iher parameters, no such grouping of slopes is found. 


io = 
o Pt/Pt 10% Rh 
n Pt/Pt 13% Rh 
x Pt/BO% Ni 20°% Cr 


+ Pt/6E0% Ni 24% Fe 16% Cr 
APL/IO%NI1O%Cr E| 
v Pt/45% Ni 55% Cr 
© Pt/Manganin 


10 
Va 
10° 1 
Cip Cu/Constantan 
++ Chromel/Alumel 
4 Chromel/Constantan 
|] o Pt/Th 
0 Pt/Li (V x100) 
X Pt/ Na CVx100) 
, expc/ K CVx 1002 
10° 
0.01 7 : 4 10.0 


V against A for various thermocouples at high temperatures. 


For both these correlations data are generally taken from ‘Temperature’ 
(1940) and the International Critical Tables (1929). 
Finally, the Nordheim-Gorter type plot, of thermo-power against 
Inverse residual resistivity ratio, used at low temperatures (e.g. Gold et al. 
1960) may be regarded crudely as showing that Soc(l[p)(0p[0 T), so that 
the e.m.f. of a couple should vary as log (os/p;). E c 
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i 
1 $3. A TREATMENT OF MoTrT's Equation 
| The basic equation relating thermo-power, S, and resistivity, p, 1s 
| sc-mPTESeg(ET)] . . ... 
| Be 3E e 


| where E is energy, ¢ is Fermi energy, T is temperature, k is Boltzmann's 
: constant and e is the electronic charge. The explicit dependence of p on 
T avises from the vibrations in the lattice and we assume that 


p(E, & T) S (E.t). F(T), 


-mke TE log f (E, C) ERU (D 
3e | de je i SF in 


Tf certain conditions concerning the form of log f(E, ¢) hold (these are 
diseussed later), it can be shown that 


so that 
S= 


9 log f (E, 6, T) .ca[log f(E, D)]g-; _ ca log p (E, &, TJF(T)]g. 
Em M at z aL 
~ c log [p/ P (T)] 
e co 


where c is a constant and p without affixes denotes the observed resistivity. 
In that case, eqn. (2) can be integrated around a thermocouple circuit, 
remembering that 07/0¢ = 605/227. to give the e.m.f. : 


2c% £T) 14 
| ° Joo P2 E 3 
EB e 5 5 F(T.) 5 ( ) 
For brevity we will later write V = [X4]. where X = 2cf,/e and ¢ denotes 


the logarithmic term. 

At high temperatures F(T)=T(1+2ayT), where « is the thermal 
expansion coefficient and y relates change in volume to change in Debye 
point. Below the Debye point F(T) will be some part of a Bloch-Gruneisen 
function, and at very low temperatures should be constant. 

The form of eqn. (3) at high temperatures show 
of a material as dependent on the deviations of its 
form usually assumed for simple metals, i.e. p= AT(1 
true, the accuracy of resistivity data used in attem 
is extremely critical. An error of 1% 
errors of half a millivolt or more. 


s the thermo-e.m.f. 
resistivity from the 
c 2yaT). If this is 
pts to predict e.m.f.’s 
1n resistivity ratio could well give 
It hasnot been shown that Mathiesson’s 
quired, and it is doubtful whether 
-em.f. and resistivity made on different specimens 
ble exceptions to this are platinum and, less 
of production and subsequent treatment 


—— 
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where H and G are any ‘non-pathological’ functions which do not contain 
singularities in the region of interest but may have a finite number of 
discontinuities. 

In addition to the general solution, there are a number of singular 
solutions such as : 


an 


log f (E, b) 2, «(IG 


and 
log f (E, $) = [aG (E) + b6(D)]", 
where C; and G are again any ' non-pathological’ functions and n, a, banda; 
are constants. 
These conditions do not seem unduly restrictive, and it may be noted 
that the equation of the derivatives is also possible as an approximation 
when @[log / (EZ, C)]]0E varies more rapidly with ¢ than with Æ. 


$4. RESULTS 
Rudnitskii (1959) gives equations for the absolute thermo-e.m.f. of 
‘thermocouple platinum" in the range 0° to 1000°c, but measures resistivities 
only at 100?c and 25°c. Values of resistivity from ‘Temperature’ (1940) 
are therefore used to evaluate ¢, the requisite values of a and y being taken 
from Mott and Jones (1936). Figure 3 shows a plot of V against ¢ which 
indicates that X,,=65-4mv. A similar plot using Rudnitskii's e.m.f. 
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The emf. data for a Pt/Cu couple and resistivity data given in ‘ Temper- 
ature’, when analysed independently, give values of 68:7 mv and 54 mv 
for X, and Xou respectively. The agreement in Xp is excellent. Figure 
4 shows a plot of V|óy, against do/dp.- As previously mentioned, 
resistivity data for silver behave qualitatively with temperature in a 
manner quite unlike copper, and must be rejected. 


Fig. 4 


} = - ene €— 
04 0.6 08 -LO -1.2 -1.4 =1-6 =18 -2.0 -2.2 -2.4 


$c. / Por 


Analysis of e.m.f. and resistivit G 
istivity ED e Cu/Pt couple from * Temperature ' 


Resistivity data for other non-transiti 
sisti -transition met; a 
inferior in accuracy) taken from the bcc NE ee 


. H 7 B E i ti 
combined with Rudnitskii’s e.m.f. for Pt and couple eu lom 


ature’, give order of magnitude r 

at T d esults for X. A number 

= ; : of c 

discarded e Is So near zero that probable errors in nce D 
sign oi A uncertain, but fairly strai oe 


hev alues obtained are given in table 2. ght lines are obtained with others. 
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If we consider sign as possibly a periodic effect, the values for Tl, Pb and 
Sn compared with Cu, Cd-and Al may be taken as indicating that the 
former are exerting less than their full valency in the metallic state, as 
indeed has often been predicted for other reasons. 

Data for the transition metals are equally unsatisfactory and, in addition, 
values of y are frequently not available. However, plots of absolute e.m.f. 


against log (ps '[p,T') show that the coefficients X are invariably of the 
order of tens of millivolts. It may be noted that for the elements Ti, Zr, 
Rh ac. £r, which immediately, or almost immediately, precede an irregu- 
larity ‘> the sequence of electronic structures, dV/dT and d¢/dT' show a 
reverse: of sign at the same point, this generally occurring between 300°C 
snd 460?c. Nickel may also belong to this group, though here changes at 


the Curie point obscure the issue. Other materials, Mo, W, Nb and Ta, 
which follow these irregularities, have slopes of the same sign throughout. 


$5. Discussion AND CONCLUSIONS 


Tt has been shown that under certain circumstances Mott's equation for 
thermo-power is integrable, leading to an equation relating resistivity and 


e.m.f. : 
y- Zeto og pE(T:) CE 
om o F(T5) 


and that data for platinum, copper and a number of non-transition metals at 
high temperatures are consistent with this. The coefficients obtained are 
of the order of tens of millivolts, thus indicating that values of c are of 
order 0-005—0-01. 

As can be seen by equating the coefficients for the materials, and assuming 
that p,/p, is not too far from unity, the relative resistivity difference, A, 
defined earlier, is a crude approximation to the logarithmic term. The 
occurrence of e.m.f. zeros near — 150°C for certain couples, when Aw 0, may 
then be regarded as suggesting that the equation is valid over wider 
temperature ranges. The fact that straight lines are obtained in the 
Nordheim-Gorter type of plot at even lower temperatures also tends to 
substantiate the equation, since in this range F(T) will be almost constant. 

It is perhaps also worthy of note that the equation is of a form which 
could provide a link between the ‘anomalous minima’ in resistivity and 
thermo-power found at low temperatures, being almost equivalent to the 
form suggested by McDonald and Pearson (1953). 

It is clear from the form of the equation that extreme accuracy is 
required in the resistivity data used in any attempt to predict e. m.f. S- 
Since Mathiesson's rule is probably not valid to the degree here required, it 
is very desirable that e.m.f. and resistivity should be measured simul- 
taneously on the same specimen. Such work will shortly be carried out in 
an attempt to confirm or deny the relationship. 


P.M. SU: 
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ABSTRACT 


A common feature, the alignment of close-packed rows of metal atoms with 
«110» directions in the substrate face, is exhibited in the several observed 
textures of Au, Ag, and Cu films vacuum-deposited on NaCl and MgO (100) 
faces under a variety of conditions. The occurrence of this common feature, 
which even plays a role in twinning, draws attention to a particular underlying 
epitaxial mechanism and leads to plausible hypotheses of the dominant nucle- 
ation and growth mechanisms in these simple systems. 


§ 1. INTRODUCTION 


Eprrax1ALLy grown thin films have recently received much attention, 
ranging from fundamental studies to device application. However, no 
definitive theory of the epitaxial mechanisms governing the vapour 
deposition of thin films yet exists. The principal reason for this lack is 
generally felt to be insufficient experimental data that are both relevant 
and reliable (Neugebauer et al. 1959). 

Many observations have been reported (Pashley 1956, Kehoe 1957) 
concerning the epitaxial growth of gold, copper and silver on various 
substrates. However, interest has generally centred about the ‘complete’ 
orientation attained at or above substrate temperatures presumably 
characteristic of the substrate-deposit combination. Further, deposition 
conditions were generally not known or controlled in sufficient detail to 
support definitive theorizing. 

In the present work with the same metals a large variety of deposition 
conditions were used and many different orientation habits (textures) 
have resulted, all of which have certain common features. Investigation 
of these common features has allowed attention to be focused more readily 


t This work was partially supported by Wright Air Development Din isi 
and the Office of Naval Research, Metallurgy" Division. = 


t Miss Brine was among the victims of the Paris air disaster on 3 Jun 
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anisms always present rather than on the 


on the underlying epitaxial mech 
tations with insufficiently well-known 


specific correlations of particular orien 


deposition conditions. | 
This paper discusses the common features of all of the observed orientation 


habits, ineluding partial and multiple orientations and orientations 
produced by preferential twinning. There is then suggested a plausi bie 
epitaxial mechanism which cou Id account for all of the observed orientation 
effects with the possible exception of preferential twinning. 


$2. EXPERIMENTAL 


Approximately 200 films of gold, silver or copper were deposited on 
NaCl or MgO (100) cleavage faces at substrate temperatures ranging 
from room temperature to above 400°c, at deposition rates from 100 to 
10 000 A/min, and at pressures of about 10-5 mm Hg. About 25 films, some 
of gold and some of silver, were sputtered onto similar substrates. Some 
20 films of the same metals were prepared by evaporation at 10-5mm Hg 
pressure. The film thicknesses ranged from about 500 to 1500 å. The 
substrate blocks were usually about 10x10x1lmm. The deposition 
conditions under which the various orientations were obtained have been 
reported elsewhere (Belser and Woolf 1960, 1961). 

These samples were studied by x-ray diffraction while still on their 
substrates. A 'goniostat' type of sample orienting device, the General 
Electric ‘Single Crystal Orienter’ (Furnas 1957), was used with a scintil- 
lation counter detector. A sample mounted on a goniometer head attached 
to the Single Crystal Orienter can be rotated about the two mutuall 

> : y 
perpendieular axes of the instrument as well as about the diffractometer 
Rs om allow a nemi pher in reciprocal space to be explored. 

detail e goniostat geometry, its advantages and a comparison of 
n goniostat technique’ with electron diffraction and other X-ray 
due techniques have been discussed elsewhere (Brine and Young 

Since the films studied are thin, the incident x 
the substrate and x-ray reflections from the 
RU 2 i reflections from the film itself 
orientation of film erystalli i : 
directly from the So E E o the sub 

gular positions of th 


-ray beam penetrates to 
substrate are observed 
Therefore, the relative 
strate may be deduced 


various reflections occur. sample at which the 


About one-fourth of the films were also exa; 


; : mined r issi 
in some cases, by reflection electron diffraction by transmission and, 


studies always corroborated the a eu E pen 
3 of films 
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$3. RESULTS 
3.1. Preferred Orientations 

The table lists the several orientations observed in the collection of 
thin film samples. The first column lists the Bragg planes in the metal 
film which are parallel to the substrate cleavage face. The second column 
gives the directions in these planes that are parallel. Twinning also occurs 
'n the “ims. "The orientations of the twins are discussed in detail in the 
ext. The relative frequency of occurrence of the different orientations 
varicc with the deposit metal used. 


Grientations observed in Au, Ag, and Cu films on NaCl and MgO 


Film planes parallel Parallel directions Orientation 
to substrate surface in contact planes designation 
No preference No preference Random orientation 
(111) y,]|(100) No preference Random «111» 
fibreing 
(111) y_{](100) s «110» ,||<110> 5 Restricted 
«111» fibreing 
(110)4,[[(100) s «110» ,|[<110> 5 Restricted 
«110» fibreing 
No preference «110» X|[«110? 5 Random «110» 
fibreing 


(100),,||(100) g [110] ,[[[110] , Parallel orientation 


M—metal ; S—substrate. 


It is to be noted that random orientation about a (111) fibre axis is not 
an example of expitaxial growth; such a preferred orientation occurs even 
on amorphous substrates. In the orientation designated ‘restricted (111 ) 
fibreing, one set of {111} planes of each metal crystallite is parallel to the 
001 face of the substrate. But the orientation of such (111) planes about 
their normals is not random; rather, one of the three (110) directions in 
each such plane is parallel to one of the two (110) directions in the substrate 
face. All 12 of the possible positions which align (110) directions in 
this fashion ordinarily occur with equal probability in the same film. 
Figure 1 is a transmission electron diffraction pattern of a gold film 
exhibiting restricted (111) fibreing; fig. 2 is a stereographic presentation 
of the locations of {111} poles as determined with the goniostat method 
for a similarly prepared film. Restricted (111) fibreing plus some 
twinning is present. e 
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In the orientation designated ‘restricted (110) fibreing ’, the restriction 
is, again, that some (110) directions in film and substrate be parallel. In 
this case there are four positions of the film crystallite which can produce this 
type of alignment; all four were observed in the one case in which this 
orientation occurred. Even in this one case, however, the (110) orier‘a- 
tion was not the major orientation habit present in the film. 


EX 
Fig. 1 


Transmissi ; 3 
ission electron diffraction pattern of a gold film exhibiti 
«111» fibreing. 5 exhibiting restricted 


The major non-parallel ori i 
entations inv 

substrat "fa. 2 : 

oe cae vs 2m Random orientation of erystallites ab 

ve PUES my) fibre axes lying in the plane of out two mutually 

to the two (110) directions in the BuDetrs of the film and parallel 


: hs t - 
tion which also occurred frequently in films joue ee oe 
suver. In fig. 3, 


olve fibre axes normal to the 
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for example, such fibreing accounts for nearly all of the spots lying on rings 
belonging to the Ag pattern; the balance are accounted for by parallel 
orientation. In particular, the grouping of spots on a ring into apparent 
pairs is characteristic of this type of (110) fibreing rather than of parallel 
ion or of a fibre axis normal to the film. Intensity considerations 
suggest that some (111) fibreing is also present, though even the restricted 
variety would not produce any additional spots. As do many others 
obts^:s1 in the present work, this pattern shows some faint spots not 

x--/5ible with the normal silver lattice, e.g. the six spots just inside the 
7111» Ag ring. 


S 


Sas 


Stereographic projection of the (111) poles obtained for a go 
NaCl at 300°c. Normal to substrate surface lies a 
symbols: upper hemisphere poles ; open symbo. 
poles. : xdi. 


PPP tnt 
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n the same film, or only one 
nditions. 

tions is that all of the orien- 
about that (110) direction 
ate (110) direction. 


All of these several orientations may occur i 
may occur, depending upon the deposition co 
The most interesting feature of these observa 
tations are related to each other by rotations 
in the plane of the film which is parallel to a substr 


Fig. 3 


Electr iffracti 8 
ectron diffraction pattern of a gold film exhibiting a superposition of parallel 


orientation, some restricted i 
He : s «lll» fibre E rei 
directions parallel to substrate «110» Ee Bur o 


This crystallographic directi 

g rection, the (1105, which i 

: De , à ch is ^ 7 . 

a por tont, 5 the direction of closest packing of atoms nee. very 

It corresponds to the direction of rows of contacting atoms vm : a 
g 2 , the atoms 


being regarded as hard spher i 
pheres. It S A 
these metals. is also, of course, the slip direction in 


= i 3.2. Twinning 

her orientations occur which c 

On an be classified as twi Ui i 

with respect to the above. For the face-centred cubic D. 
he twin 


relationship can be described as 180? i 
twin axes. rotation about (111) directions as 
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Stereographie projection of the {111} poles for restricted «111» fibreing oriented 
ith a «111» direction along the N-S axis. Solid symbol: upper 
hemisphere poles ; open symbol : lower hemisphere poles. 


Fig. 5 
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A study has been made of the occurrence of twinning in films exhibiting 
the restricted (111) fibreing}. The observations are conveniently discussed 
with the aid of fig. 4. A crystallite in the restricted (111) fibreing orienta- 
tion has three (111) directions nof normal to the substrate (fig. 4). When 


Fig. 6 
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the twinning operation is carried out with these three (111) directions as 
twin axes, several sets of {111} reflections are produced. Figure 5 is a 
stereographie projection of {111} poles for a crystallite with a 111 plane 
parallel to the substrate surface, together with its four twins. For sim- 
icity only one parent crystallite is shown. In fact, there are twelve 


parvent crystal orientations. The other eleven orientations, together with 
thei: twins, are obtained by successive 30? rotations about the $ axis in 
fig.£ Figures 1 and 2 show the complete set of parent orientations as well 
as sc%s twin orientations. 


Or- set of twin reflections is observed at a goniostat setting (x234^) 
xhe:-. in the absence of twinning, no reflections occur. If it were equally 
likely Zor each of the three (111) directions to act as twin axes, the intensi- 
ties 5: all reflections found at this setting should be equal. For the films 
studicd, the intensities were not equal and a plot of x-ray intensity versus 
9 angle for these reflections is exhibited in fig. 6(a). The reflections fall 
into two sets, the stronger of which contains one-third of the reflections. 
Figure 6 (b), a similarly prepared plot for y —20?, shows that the parent 
crystallites are uniformly distributed among the 12 possible orientations. 

The occurrence of unequal intensities at y — 34? suggested that one parti- 
cular twin operation might occur preferentially. The particular ‘twin 
reflections’ resulting from the operation of each twin axis were determined 
with the aid of stereographic projections. These results, together with the 
observed reflection intensities, show that in each crystallite one of the 
three (111) directions is indeed preferred as a twin axis. Most interestingly, 
the preferred twin axis is that one axis which maintains a film (110) 
direction parallel to a substrate (110) direction. 


§ 4. Discussion 


The consistent parallelism of (110) directions in film and substrate is 
the point of greatest interest in the present work. Similar results have been 
reported (Lawless and Miller 1959) for cuprous oxide grown from an aqueous 
solution of copper sulphate on copper single crystals. The oxide was 
grown on (001), (011), (111), (012) and (113) faces of copper, and in all 
cases had some (110) direction parallel to some copper (110) direction. 

In the present work the tendency for close-packed directions to be 
aligned was exhibited at fairly low substrate temperatures and persisted 
even when, at higher substrate temperatures, the atoms had sufficient 
mobility to search for desirable nucleation sites. "Thus, it seems that this 
configurational feature is an energetically preferred one of great stability. 
The various results reported here have suggested the following hypotheses 
concerning the epitaxial nucleation mechanism in the films studied: 

1. The deposit materials had structures which, being close-packed, 
may be thought to be characterized by non-directional bonding mechanisms. 
When the films are deposited on glass, the substrate influence is not direc- 
tional within the plane of the substrate surface. There being no substrate 
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influence to prevent the deposit atoms from packing as closely as possible, 
the number of close-packed directions parallel to the substrate surface is 
maximized. The result is that {11 1} planes, which contain three close- 
packed directions, tend to be parallel to the substrate surface. 

2. The crystalline substrates, on the other hand, are not isotropic within 
the plane of their surfaces. The free energy associated with the substrate— 
film interaction then clearly depends on orientations within the plane of the 
substrate surface. However, the particular substrates employed here may 
be expected to present a fairly simple surface array of potential variations 
with respect to deposit atoms having non-directional bonding character. 
Such deposit atoms, in their efforts to minimize both their own configura- 
tional free energy and the substrate-deposit interaction free energy, may be 
expected to have a preferred tendency to line up in close-packed rows along 
the directions which represent the most pronounced ‘troughs’ in the ‘sub- 
strate-deposit interaction potential’. These directions are the (110) 

directions cited above. When thermal fluctuations allow a critical nucleus 
size to be reached, or when an impurity atom, step plane, or other surface 
defect provides an adequate pinning point to stabilize such a row of deposit 
atoms, these close-packed rows constitute nuclei for growth of crystallites 
so oriented as to incorporate the nucleating row of atoms as a line of close- 
packed atoms in the crystal, i.e. a line parallel to a (110) direction in a 
face-centred cubic crystal. : A variety of crystallite orientations about this 
MEN iat is gaits nen tdonol above, tho places 
at which two atom-filled 3 Dodis * : a ORE M MI. 
to be favourable locations fone l RS i ; eee e ae expected 
parallel with the substrate; Ue uc EE 2 ee E 
cited) allows two close-packed directions at right angl : (m = ne 
in the interface simultaneously. E o rois 
s Y 
3. The occurrence of preferential twinning, on the other hand, is probabl 
a growth rather than a nucleation phenomenon, as it has li eli ie 
reported (Kehoe 1957) that no significant ONDE occurs i E ne iy 
films. It is now well known (Kehoe 1957 SICCRNCS a We Uist 
that the ‘thinnest’ films are actually not continous We a E02) 
collection of individual masses of materials. Each of as que eio 
grown from a single nucleus and is composed of one or vee a N 
The orientation relationship of the preferred twin ax T crystallites. 
could not be expected to be a direct substrate e. i n seat 
arise from the existing orientations in the nuclei which! à must, instead, 
one another and form twins in the process of developi oe a DR QT 
If this hypothesis, which is indi ping a continuous film. 

this hyp s, which is indicated by the occurrence of pref 7 
twinning, is correct, then one would expect twinni 2 pA 
prominent again as the film thickened with continued a a e fes 

the following changes in character with dee M AT 

Nearest the substrate there will be a multitude of cT PE 
E . LAE . e mos 

probable orientation of the nuclei will depend critically on the substrate 
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temperature and other deposition conditions. Under certain conditions 
the nuclei will tend to be oriented by the substrate influence. Under less 
favourable conditions the nuclei may be randomly oriented]. The larger 
ones will tend to have (110) directions parallel to substrate (110) directions 
since that orientation best minimizes the total free energy and hence is 
most favourable for early growth. At somewhat greater distance from the 
substrate we may expect to find larger crystallites. essentially all of which 
oxe oriented according to the (110) alignment rule. Still farther from the 


substrate, where the crystallites have started to grow together, there are 
stii fewer and larger crystallites. At this distance many twins have 
stazsed to form. However. certain twin orientations are preferred, 


probably because the twins result from the growing together of two crystal- 
lites whose initial orientations and positions happened to be particularly 
favourable for intergrowth. Still farther from the substrate we may 
expect that the intergrowth and domination by most favourably oriented 
crystallites have proceeded to such an extent that the crystallites are there 
much larger and either the preferential twins dominate the observed twin- 
ning or the twinning has grown out of the film to a large extent. The latter 
aspects of this hypothesis are easily checked by experiment. There are 
some reports in the literature to the effect that thick films show less twinning 
(Kehoe 1957) or less finely-grained twinning (Hall and Thompson 1960) 
than do thinner films. The comparison of x-ray or transmission electron 
diffraction with reflection electron diffraction results from a series of films 
of differing thickness should be capable of demonstrating the character 
change with distance from substrate. Work toward that end is in progress. 


§ 5. CoNCLUSIONS 


It appears clear that the close-packed directions play an important and 
easily understood role in the mechanisms underlying epitaxy in the simple 
systems studied. The role apparently does not end with nucleation, but 
extends even to twinning, where the occurrence of preferential twinning 
suggests that the intergrowth of nuclei is responsible for the observed 
twinning. 

Further, nuclei with favourably oriented close-packed directions 
grow most readily and probably eventually outgrow all other nuclei to 
dominate the orientation of the film as a whole. 

It is evident from this work and that of others that nucleation and 
growth phenomena must be considered separately in the discussion of thin 
film formation. The approach taken here, of basing analyses on features 
common to all orientations resulting from various deposition conditions, 
has much to recommend it. By freeing consideration of an orientation 


pe et 50s 

T Lawless and Miller (1959) report that electron diffraction examinations of 
stripped films of euprous oxide did in fact show 
had been the substrate side of the film. 


polyerystalline layers on what 
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a 


from simultaneous consideration of the deposition oe Be = 
rarely known in adequate detail, this approach focuses attention o 


underlying epitaxial mechanisms rather than on experimental details. 


Further studies are in progress in which these two approaches, as well 
deposition conditions, are being 


as that using precisely determined i : 
employed. In particular, a determination 1s being made of the ext i 
to which the alignment of close-packed directions constitutes a ma: 

epitaxial influence in various metal-substrate systems under vario:5 


conditions. 
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ABSTRACT 


It is suggested that transmission ultra-violet light microscopy might provide 
a useful technique for metallurgical studies of the alkali metals and of silver 
and silver-based alloys. It is possible that this technique, providing the 
resolution of detail permissible with good optical microscopy for the examina- 
tion of fairly thick metallie specimens, will fill the gap between transmission 
electron microscopy and x-ray diffraction topography for metallographic 
observation. Of the many potential applications the detection of micro- 
structure by decorating techniques, the study of precipitation and other 
chemical reactions inside metals and the direct observation of phase changes 
are listed as those which are likely to be of immediate interest. The paper 
presents some results of a preliminary investigation of the microstructure 
in specimens of potassium, using impurity decoration and ultra-violet light 
microscopy, to demonstrate the experimental feasibility of these proposals. 


ALTHOUGH it has long been known that the alkali metals and, to a limited 
extent, silver are transparent to ultra-violet light (Wood 1918), there has 
been no attempt, hitherto, to exploit this remarkable phenomenon in 
metallurgical studies. Prompted by the intriguing possibility of looking 
inside a ‘ transparent metal °’, the author has recently undertaken a survey 
of the experimental requirements and of the possible applications of such 
studies. ‘This note lists some of these, and gives a preliminary account of 
microscope observations made with potassium in ultra-violet light to 
demonstrate their feasibility. A significant feature of the observations is 
the use of relatively thick specimens (films several microns in thickness) 
with the degree of magnification and resolution normally associated with 
optical microscopy. ‘Transmission ultra-violet light microscopy might be 
expected, therefore, to provide an observational technique to fill the gap 
between high resolution electron microscopy (Hirsch 1959) and the more 
macroscopic technique of x-ray diffraction topography (Lang 1959). 
Figure 1 shows the results of calculations by Briggs and Ives (1936) of 
the transmission of light in the near ultra-violet and visible part of the 
spectrum through films of potassium for seyeral different thicknesses. 
Their calculations were based on measurements of the optical constants for 
potassium by a reflection method but the variation shown here can be 


T This investigation was initiated by the author during a period of leav » of 


absence when he was temporarily emplo d : fonds BYTE 
Laboratories, Seattle, USA. Y poyes at Thoosinpeooionund Ro eroh 
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verified, at least qualitatively, in transmission studies. This behaviour is 
typical of all the alkali metals, and clearly indicates the possibility of 
transmission microscopy in ultra-violet light. The critical wavelength, 
Ac, at which the high transmission falls rapidly to the extinction normally 
associated with a metal is particularly significant. It has been described 
by Zener (1933) as the shortest wavelength at which the conduction 
electrons, behaving as a free electron gas, can be excited by the incident 
light ; this is the wavelength corresponding to the so-called plasr.a 


frequency and is given by 
ae ame?\ 12 
E ONG 


where m — mass of electron, e= charge carried by electron, c — velocity of 
light, N — density of free electrons. 


80 


TRANSMISSION IN PER CENT. 


A 
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The transparency of silver to ultra-violet light is thought to occur 
for different reasons. The variation with wavelength shown schematically 
in fig. 2 for a thin film of this metal is based, again, on reported values of 
reflectivity. No direct measurements of transmission have been made in 
this case, but the behaviour represented here has been confirmed in pre- 
liminary microscopic studies with evaporated films. The critical Zener 
wavelensih for silver would lie in the far ultra-violet part of the spectrum 


and, lio- copper and gold, this metal would not be expected to show 
ans} cacy to near ultra-violet light according to the free electron model. 
je. ' ow ’ occurring at wavelengths around 3100 A can be explained 

iz Ser? ‘the band structure of energy levels for the conduction electrons. 
‘i.e ex sation of electrons to levels within the S-band accounts for the 


&28017*:.5n of visible light, whilst inter-band transitions from levels in the 
D-banc to levels in the P-band give rise to absorption in the far ultra- 
violet end. The window appears at those wavelengths for which photon 
energies are insufficient to excite the transition. In the cases of copper and 
gold the bands of levels overlap so that there can be no windows for these. 


Fig. 2 
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Schematic representation of transmission for a thin film of silver. 


It is evident from fig. 1 that, at least for potassium, and probably 
for all the alkali metals and silver, it should be possible to obtain trans- 
mission micrographs with specimens several microns in thickness if 
observations are made with light at wavelengths below the critical value. 
At this thickness the mechanical properties of foils are thought to become 


P.M. 2X 
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s and this is clearly an important consider- 
ation in metallurgical studies. The initial investigations described below 
shows that such observations are indeed possible. It also illustrates an 
obvious application to examine the microstructure within the metal, by 
the decoration of grain boundaries and, possibly, sub-boundaries with 
precipitates of strongly absorbing impurity. 
This idea of detecting a second phase by selective absorption suggt'*s 
a further application in the direct study of precipitation reactions. Wh. st 
reactions in systems based on the alkali metals and alloys of these «=e 
interesting, the precipitation of copper in silver/copper alloys is m. o 
useful as a metallurgical model. This experiment and a similar inves - 
gation of the internal oxidation reaction in silver/magnesium alloys &-2 
now in progress. ‘The microscope observations are made at a waveleng:a 
of 3100 A, with specimens in the form of thin foils, mounted on a heated 


stage so that the reactions can be followed directly. 


typical of those of bulk specimen 


Fig. 3 


Transmission ultra-violet li icrogr: I m 
ission ultra- ght mierograph i 
potassium, showing a grain icu ee eae ene sample of 


— (x 960.) ated by precipitation of 


tion of the phase change at melting and of the 


formation of the alkali 
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processes and also in providing further information to relate the absorption 
of light with the electronic structure of these metals. By an extension of 
Zener’s analysis we may expect the critical wavelength, Ac, to shift when an 
alkali metal undergoes a change of phase. For Ae depends on N, the 
density of free electrons, which varies as the mass density, provided there 
is no change in electronic structure during the change. For example, in 
the sase of potassium, where there is a decrease in density of between 2 and 
275. daring melting, an increase of 30-40A in Ae can be expected. It 
si. 4 therefore be possible to distinguish between molten and solid metal 
sking microscope observations at a wavelength close to Ac for the solid. 
“ben zone should then be visible by bright contrast due to enhanced 
sission. "There is considerable interest in localized melting and in 
verse process of solidification. The direct study of a martensitic 
sscormation, again using a possible shift in Ac for detection, is equally 
interesting, though much more difficult to achieve experimentally. 


Transmission ultra-violet light micrograph of microstructure in a specimen of 
potassium. This is visible as a result of decoration by finely dispersed 
precipitate. (x 800.) 


That films of potassium, at least one micron in thickness, are sufficiently 
transparent to ultra-violet light at wavelengths below Ac (3100 A) to 
transmission microscopy is illustrated by figs. 3 and 4. ‘These are 
violet transmission micrographs of parts of films of potassium con! aining 
a small addition of sodium. The films were prepared by distilling the 
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molten metal into very thin evacuated cells, formed by sealing together 
two quartz plates in loose contact. The cells were heated to just ae ee 
melting point of potassium by immersion In hot water so that the meta 
could flow into the space between the plates. The films were solidified 
slowly by allowing the water to cool, or, more T 2: pun 
removalofthebath. Specimens prepared by this procedu re ate either single 
erystals or polycrystals containing only a few large grains. The micros B6 
observations are made with light at a wavelength of 3050 A, using on 
arrangement consisting of a high pressure mercury lamp (having sev: ; | 
strong spectral lines in the neighbourhood of Ac), a grating monochrom:.;r 
having a large exit numerical aperture, a bench microscope fitted with 
aluminized mirrors and quartz refracting condenser and objective, 5a 
electronic image converter for visual observation and a film camera ior 
photographic recording. - 
Figure 3 shows part of a grain boundary in one of the polycrystalline 
specimens. The boundary is heavily decorated by a strongly absorbing 
precipitation. Figure 4 shows the microstructure ‘ visible ’ within a grain 
in another, similar specimen. These areas are totally absorbing for visible 
light and, therefore, are thought to be at least one micron in thickness 
(Wood 1918). The overall distribution of small, absorbing particles and 
the more regular arrangement of these in a form of network, apparent 
in fig. 4, could be traced across the whole grain. The pattern is very 
similar to that of etch pits on the polished surface of a carefully annealed 
metal, and it is tentatively suggested that it represents an arrangement of 
sub-boundaries decorated by a finely dispersed precipitate. It has not 
been determined whether this precipitate is of pure sodium, an inter- 
metallic compound or the product of localized chemical reaction with 
residual oxygen or water vapour in the cell. Many similar observations 
have been recorded and will be described fully elsewhere. They are 
reported here in this preliminary manner to demonstrate the feasibility 


and potential usefulness of the technique of ultra-violet light transmission 
microscopy. 


apidly, by the comp!cte 
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ABSTRACT 


'sramagnetie susceptibility measurements have been made on « and f 
s containing ~l w/o Mn. The susceptibility varied with temperature 
according to the Curie-Weiss law and the Curie constant and thereby the 
ijohr magneton number per Mn atom were determined. Interpreted in 
ierms of valency, Mn monovalent in copper has a valency in « brass which 
docreases progressively with zine content, attaining the value 0:58 at the 
limiting « composition. Mn in B brass exhibits a valency 0-8. These results 
are not in keeping with previous values for the valency of manganese as 
determined from phase boundary relationships and electron to atom ratios. 


$1. INTRODUCTION 

THE results described in this paper apply to the paramagnetic properties 
of small amounts, ~1 to 1-5 w[o, of manganese dissolved in « brasses of 
varying composition and in B brass. Measurements have been made in 
the temperature region between —100°c and +200°c where one expects, 
by analogy with the copper manganese system, a Curie-Weiss para- 
magnetism to occur. Lack of appropriate cryostats prohibited measure- 
ments at very low temperatures, but such measurements would be 
interesting in the light of the anomalous behaviour found in binary copper- 
manganese alloys. 

Much attention has been given to the concept of valency for a transition 
metal in a noble metal or alloys of noble metals and different methods 
have been used to determine this quantity, but that based on a measure- 
ment of the paramagnetic properties of the transition metal atom is 
probably the most direct. In particular several independent magnetic 
studies of the copper-manganese system have been made by Gustafsson 
(1936), Néel (1932), Myers (1956), and good evidence is available that 
small amounts of Mn dissolved in Cu possess a Bohr magneton number 
Petr equal to or very nearly equal to 4-9, that value which for spin only 
pre mai corresponds to six 3d electrons per Mn atom or a valency 
ot l. 

Hume-Rothery (1948) studied the effect of Mn on the a[a--B phase 
boundary of brass and concluded from the known dependence of this 
boundary on electron to atom ratio that it was divalent when dissolved in 
brass. Later, Hume-Rothery and Howarth (1952), using the same method, 
deduced a value 1-83 to 1-93 for the apparent valency of manganese from 
measurements of the «/a-+B and B/x+B boundaries in the Cu-Zn-Mn and 
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Cu-Al-Mn systems. It is to be noted that the valency was pcena 
the same whether the manganese was dissolved in the o or p phase; f ur e : 
more, it was independent of the manganese concentration over the interval 
0 to 10 a/o. : E 
The difference in behaviour between manganese in copper and man- 
$ ganese dissolved in « brass is striking. We can expect SEA, » » Ben 
approximation, pure copper and the primary solid solution o zino a 
| copper should provide similar matrices for the solution of small amou 5 
| of manganese; the principal differences being the larger atomic spac. 
and the greater electron to atom ratio of the alloy in the neighbourhooc. -£ 
j the a/a +8 phase boundary. 

Hume-Rothery and Howarth’s results imply that the apparent valency 
of manganese in a noble metal alloy should increase as the electron io 
atom ratio increases. On the other hand, Jones (1955) has concluded 
that the number of electrons in the 3d configuration of a transition metal 
j atom increases steadily with the electron concentration in the valency 
H band of the alloy. The measurements described in this paper were made 
to study the apparent valency of manganese when dissolved in « brasses of 
iJ different electron to atom ratios. Measurements were also made on 
i specimens of B brass. 


§ 2. EXPERIMENTAL PROCEDURE 


Alloys of manganese in brass were made by melting portions of a master 
alloy of copper and manganese with different amounts of zinc. The 
materials used were Matthey spectrographically standardized copper, 
zine and manganese. 

The master alloys containing between 1-2w/o Mn were melted under 
vacuum in pure alumina crucibles by induction heating. The melts were 
bottom poured into a split copper mould. Thereafter weighed portions 
of the master alloy were, together with weighed amounts of zinc, melted 
: under an argon atmosphere in sealed quartz ampoules. The manganese 
i MCI brasses 50 formed were then hammered and annealed under an argon 
- : atmosphere in sealed quartz tubes at 650°c for periods varying from 
: 3 w 6 days. Specimens for metallographic, magnetic and chemical 

ys ae from the annealed ingots. Specimens were used 
rasses contained between 0-7 to 1-5w/o Mn. Magnetic 

made using a modified Sucksmith balance (Lundquist 
e ents were not made above 200°c due to the 
nd at higher temperatures. 


—— 
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1 to 7 were wholly in the « phase, alloys 8 and 9 contained mixed «+f and 
alloy 10 was pure f. In the magnetic measurements, although four 
different values of field strength were always used, no dependence of 
susceptibility on field strength was observed and no correction for ferro- 
magnetic impurity required. : : 

'The measured susceptibilities were corrected for the diamagnetis: of 

the matrix, the latter being determined from Henry and Rogers’ (t 5) 
values for the diamagnetic susceptibilities of pure brasses. All the alloys 
were paramagnetic, the susceptibility obeying the Curie-Weiss 

The Curie constant C and hence the effective Bohr magneton number « -rp 
were determined from Curie-Weiss plots. The table summarizes ~ 1¢ 
results. 

In these measurements there are two principal sources of error, namviy 

the correction for diamagnetism and the uncertainty in the determination 
of the manganese content. Beside these, any error in determining the 
paramagnetic susceptibility is insignificant. We can do little about the 
correction for diamagnetism. All alloys were carefully analysed for all 
components, particular care being paid to the determination of manganese 
which in the small amounts used in these alloys is estimated accurate to 
+2%. Errors in the evaluation of the Curie constant are halved when 
calculating Perr, since perroc 4/0, and we believe that our Dest Values are 
(excluding the factor due to uncertainty in the diamagnetism) correct to 
at least +0-1 Lp. 

The Curie temperature, 0, was positive in all alloys. Some spread in 
the 0 values is evident but this quantity is more difficult to determine 
accurately from high temperature measurements than the Curie constant. 


$4. Discusston 


Before proceeding to a discussion of the manganese brasses we wish to 
comment on the paramagnetism of the binary manganese-copper alloy. 


As pointed out by Schmitt and Jacobs (19 i 
C 57), considerabl i 
occurred in the discussion of the para: E 


alloys of manganese in co 
number of electr 


nts of manganese in copper 
; | S valency as measured via the 
paramagnetic properties, (Myers 1956), changes little, even for manganese 
lts may be considered in terms of 
states for the d electrons of tran- 


r These resu 
Friedel’s (1956) model of virtual bound 


sition metals dissolved in noble metals. 
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Friedel, in discussing the magnetic and electrical properties of dilute 
solutions of transition metals in copper, has proposed broadened or 
virtual? bound states with positive energy in the region of the Fermi 
“yeit resonating with but not contributing to the conduction band. For 
-anganese in copper the magnetic data require the ten 3d states per atom 

» be split into two sets of virtual bound states, each set capable of con- 
-ining five electrons of given spin. Thus for a dilute alloy where the 

-ovaction between transition metal atoms is weak the situation may be 
pictured as in fig. 1. One half of the virtual states, all with the same 


Fig. 1 
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Friedel’s model of virtual bound states; these states are shown filled to the 
level demanded by the paramagnetic susceptibility at different electron 
to atom (e/A) ratios. 


spin, lie well below the Fermi limit and the upper half has begun to cross 
this limit, so that approximately four states per atom lie empty above 
the conduction band. Since the manganese is monovalent in this system, 
replacing copper by manganese will not change the electron content of the 
conduction band; thus, unless the effects of lattice expansion and 
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manganese-manganese interactions are significant, there will be little 
change in the situation pictured in fig. 1. as the manganese content is 
usées The experimental data are in agreement with the assumption i 
that the effects mentioned are not large until the manganese content 
approaches about 20% manganese. 

Returning to the properties of the manganese brasses, fig. 2 shows #12 
variation of pert as a function of electron to atom ratio for the all: y. 
Replacing copper by zinc increases the electron concentration of the aii: | 
and if the empty bound states are uniformly distributed in energy c+» 
would expect the per: value to decrease in a manner dependent upon ti. I 
form of the conduction band, leading to an initial decrease, which is mc: - 


13 


au ffe. PU Bohr magneton number and the derived 


aeron to atom ratio of the alloy. abani 


ting brass composition. In fact the 
AS n the pert value occurrin, 
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account for the observed variation. Clearly with such a model, for a 
given alloy electron concentration, the valency of the manganese should 
be dependent upon the manganese content of the alloy; it appears how- 
that the range of manganese contents used in the present experiments 
insignificant effect. 

; 'aanganese valencies calculated from the perr values are also shown 

pper curve of fig. 2, where it is seen that it decreases from a value 

, unity in a copper matrix to the value 0:58 appropriate to the 

283 a composition. Manganese dissolved in the pure f brass phase 

coecording to our results a valency 0:8 and the change in occupancy of 

bac hvoadened 3d states must be attributed to the alteration in the 

and structure associated with the phase change. "The value 0:8 
is close to that found for manganese in the Heusler alloys. 

Although it is very doubtful whether a quantitative vindication of the 
above model is at present possible it provides a feasible qualitative des- 
cription of our results. As will have been noticed, our conclusions 
concerning the valency of manganese in « and B brasses are not in keeping 
with the findings of Hume-Rothery and Howarth. 
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ABSTRACT 


The strain ageing of copper-tin alpha solid solutions under the influence of 
an applied load has been studied. It has been found that strain ageing is due 
to the elastic interaction of tin atoms with dislocations. The diffusion of tin 
to the dislocations during ageing is shown to be vacancy-controlled, with 
an activation energy of 0-75:-0-05 ev. The equation relating vacancy 
concentration Cy to plastic strain e is found to be Cy — Be*?, where B is a 
constant. 

Initially, the material contains a concentration of vacancies caused by 
straining, as well as a thermal equilibrium concentration. As ageing 
proceeds, the concentration of vacancies decreases exponentially towards 
the thermal equilibrium concentration, with a consequent decrease in the 
vacancy diffusion coefficient. This change affects the rate of strain ageing 
during the initial stages. An equation is developed which takes into account 
the effect of excess vacancies. 


$1. INTRODUCTION 


THE mechanism of strain ageing during the straining of tin-bronze tensile 
specimens was reported by Russell (1963) who demonstrated that the 
yield points formed during repeated yielding result from the elastic inter- 
action of tin atoms with moving dislocations. Russell also showed that 
the rate of ageing is controlled by a vacancy diffusion mechanism with an 
activation energy of 0:79 + 0-05ev. This activation energy was assumed 
to be that required to move a tin atom into an adjacent vacant lattice site. 
The concentration of vacancies Cy in excess of the thermal equilibrium 
concentration caused by a plastic strain e was described by the relation- 
ship C, — Be*?, where B is a constant. The present investigation was 
undertaken to determine the characteristics of strain ageing under static 
conditions. 

If a f.c.c. material is strained in tension and then unloaded, a yield 
point occurs on re-straining. This ‘unloading yield point’ has been 
investigated by Haasen and Kelley (1957) and Makin (1957, 1957) in 
single crystals of pure aluminium and copper. Bolling (1959) investi- 
gated the same effect on polycrystalline samples of alpha brass and other 
metals, and Birnbaum (1961) has proposed a forest dislocation mechanism 
to explain the effect. 

ae presence of an ‘ unloading yield point’ complicates the analysis of 
yield points caused by strain ageing, since any specimen which has been 
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deformed, unloaded and aged, and then tested for a yield point, always 
exhibits an unloading effect in addition to the ageing effect. Accordingly, | 
all strain ageing experiments on tin-bronze were conducted under stress. | 
Further, static ageing tests carried out under stress are more likely to be | 
comparable with results obtained from repeated yielding than those | 
l obtained by ageing at zero stress. i 


§ 2. ExPERIMENTAL METHOD 
2.1. Specimen Preparation and Testing 
In this investigation, a 4wt. % tin-bronze alloy was used. `e | 
techniques used to prepare the alloy and tensile test pieces, and the testing 
machine used in this investigation, have been described by Russell (1965). 
All of the specimens were heat-treated to give an average grain diameter 
of 0:05 mm and water-quenched. 


Fig. 1 
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re-started and straining continued to a second specific strain, e, and the 
process was repeated, using the same ageing time. A total of fifteen such 
tests were done on each specimen. The procedure was repeated using a 
variety of ageing times and temperatures. 


Fig. 2 
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The quantities measured in the experiments were: 
c,—og-h =the yield drop. 
o,—o¢= Ac —the increase in flow stress. 
o,—o,=R =the relaxation. 
oo—op= W =rise in flow stress above the extrapolated stress-strain 
curve. 

A small relaxation, R, in the applied stress, occurred during ag 1g. 
This amounted to less than 3% of the applied stress and was considers < to 
be too small to cause an unloading yield point. Relaxation of the spec: -en 
at low strains produced a small amount of hardening which resulted 2. a 
slight rise in flow stress, W, during re-testing. At low strains, the me, :1- 
tude of this effect was W~200p.s.i., but at higher strains the effect < 
appeared. The cause of hardening was not determined but it is possivly 
connected with the presence of solute since the effect is not observed in 
pure metals. 


Fig. 3 


STRAIN 25 


Sain 


n 


A c (bins 107 


A: 


| Digitized by Arya Samaj Foundation Chennai and eGangotri 


f. Strain Ageing of Copper-Tin Alpha Solid Solutions 681 


range being determined by the interference of repeated yielding which 
cused scatter in the results. ‘The typical example represented in fig. 2 


ig fas 


is for a temperature of 373°K. 


Fig. 4 
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same maximum was reached at lower temperatures, provided the ageing 
time was sufficiently long. 

Curves which relate the yield drop, A, to strain 
in fig. 2. 

The effect of ageing time at constant temperatures and plastie strain on 
Ao is shown in fig. 3. These measurements were obtained for constant 
strain to ensure that the conditions were such as to maintain the difftsion 
coefficient constant. In fig. 4 the effect of ageing time on the yield d-op, 
h, is shown for conditions f constant strain ‘and temperature. 


are similar to those shown 


§ 4. ESTIMATION OF AN ACTIVATION Enerey I 


Since Ao reaches the same maximum value at each testing temperature, 
the reaction contr ibuting to its growth is rate-controlled. Consequently, 
if the rate process is determined by an activation energy Qm, the time 
required to give a constant amount of strain ageing will be proportional 
to exp (Qm/kT), in which k is Boltzmann’s constant and T the testing 
temperature in degrees Kelvin. If the process under observation is the 
same as that for repeated yielding (vide Russell 1963), Qm will be the 
activation energy required to interchange a vacancy with a tin atom and 
will have a value in the region of 0-79 + 0-05 ev. 


Fig. 5 
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A similar set of curves based on the time required to give a constant yield 
drop, A, is shown in fig. 6 and the calculated energy is Qm — 0-75 + 0-05ev. 
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The logarithm of the ageing time required to produce a constant amount of 
strain ageing, measured in terms of the yield drop, h,/hmax. as a function 
of testing temperature, (7'-!), strain=0-20. 


$5. EsTIMATION OF THE RELATION BETWEEN THE VACANCY 
CONCENTRATION C, AND PLASTIC STRAIN 


The most generally accepted form of the relationship between plastic 
strain and vacancy concentration is given by the expression given by Van 
Bueren (1955) namely, 

C= Bea EE () 


in which B and m are constants. Wan Bueren predicted that values of m 
should lie between 1:25 and 2, depending upon whether the deformation 
process is dominated by single or double slip respectively. Tt is possible 
to derive m experimentally from static ageing tests, using a method 
described by Bolling (1959). : ; 
Seitz (1952) and Mott (1952, 1953) have shown that a vacancy diffusion 
coefficient D can be expressed by the following equation : 
D-caÜ.Zexp(—QmlkT), . . . . . . (2) 
in which a is the lattice parameter, v Debye's frequency for lattice vibration; 
Z the coordination number and k Boltzmann’s constant. Cottrell and 
Bilby (1949) have derived an expression for the number of solute atoms my 
ae will arrive at edge dislocations in an ageing time of ¢ seconds, 
namely, 


= A Dt yes 
n, [n op T E ov . 0 
where n, is the number of solute atoms originally in solution, A is an elastic 
parameter concerned with the interaction between solute atoms and dis- 


locations, p is the dislocation density and « is a constant. If it is assumed 


2Y2 
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i [. . 
3 that Ao, the increase in flow stress at time f, is proportional to 7, it follows | 
> that | 
m Act 
min) = —— = 3 
y( il o) Aomax di 4 


wherein y is a proportionality constant which allows for the incomplete 
segregation of available solute to dislocations at the end of ageing. 

The substitution of eqns. (1) and (2) in eqn. (3) provides an expres: 
which can be used to determine m under conditions in which the t 
temperature and f are held constant. Accordingly, it can be shown =. at 
under these conditions 


Cyl = Bel =a constant. 


Fig. 7 
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diffusion coefficient and ageing time entering the strain ageing equation as 
the product Dt. If this is so, and if-it is assumed that D does not change 
antly in the range of temperatures used, the group 


Be" exp (—Qm/kT) 


il be constant for constant amounts of strain ageing. 


Fig. S 
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The logarithm of the plastic strain at which the test was carried out as a function 
of the testing temperature (7-1). 


In fig. 8 the logarithm of e is shown as a function of temperature, 77}, 
for a constant ageing time of 60sec and for various proportions of the 
maximum strain ageing yield point. An activation energy of 


Qm=0-71 + 0:05 ev 
is obtained from the slopes of these lines by applying a value of m= 2:16. 


$7. THE INFLUENCE OF AN Excess VACANCY CONCENTRATION ON 
THE [INITIAL RATE OF STRAIN AGEING 


Since the strain ageing process is described quantitatively in terms of 
eqn. (3), the ratio, f, should be proportional to time, #78, throughout the 
strain ageing process. From repeated yielding experiments, it has been 
shown that tin-bronze alloys age in accordance with eqn. (3) to the com- 
pletion of ageing. 

In fig. 9 (a), (b), f?? is shown as a function of time, t, for the ageing 
process under various conditions of strain and temperature. Initially, 
the material strain ages at a rate which is faster than would be expected 
from eqn. (3) and the ageing rate decreases continuously towards a 
constant value. Once a constant rate is established, the kinetics of the 
process conform to eqn. (3). It is of interest to note that tho linear 


sections of the curves plotted for different temperatures project back to 
the same origin at a negative time. 
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In the following discussion, since the initial changing slope of the curve 
implies that the expression [yap JP? LA.D]ET ] is decreasing, and since the | 
diffusion coefficient is the only factor which is likely to change sufficiently | 
to account for such an effect, it is assumed that all other factors remain 
constant. 

Immediately after straining, the material has a concentration of 
vacancies in excess of the thermal equilibrium concentration; this excess 
concentration depends upon the plastic strain, in accordance with eqn. <1). 
The generation of vacancies which contribute to this excess ceases im- 
mediately straining is stopped and the concentration begins to fall towz.:ds 
the thermal equilibrium value at a rate which depends on the tesiing 
temperature. In terms of eqn. (2), the diffusion coefficient should «iso | 
decrease to a constant value determined by the thermal equilibrium 
vacancy concentration, and the rate of strain ageing should follow. 


E: E rM aud | 

j d 

os 
pd E. 

d | | 
ci X 1 
z- El 
= P E | 
eee =| i 
Sucre eae ; 


TEMPERATURE 375% 


(SYMBOL STRAIN rd 
E ie 
o 
E 


OCC UNES tmm ume TC Ue a a NCC NONE 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
Strain Ageing of Copper-T'in Alpha Solid Solutions 687 


Fig. 9 (continued) 


STRAIN OOA TEMPERATURE 
eee 
Se 
Spee 
p 
t E 
DA 
a 
f e 
— 393% 
- 2 
T Om 
E 
E 
es AK | 
M -osii | 
; Tree eer 
50 70 ac gy 13c 


(6) the effect of ageing time on the return of the yield point, (f ?/?), at constant 
strain of 0-05 for selected temperatures of 333°, 343°, 353° and 373°K. 


In using this analysis it should be possible to separate the contribution 
of the excess vacancies to ageing from the contribution of an equilibrium 
concentration of vacancies as shown in fig. 10. 

A quantitative description of the process is possible if it is assumed that 
the excess concentration of vacancies disappears according. to a natural 
decay law and that 

d(Cy — Co) 
eae 
in which Cy is the original vacancy concentration, C, the thermal equili- 
brium concentration; v the Debye frequency of lattice vibration, n the 
number of jumps made by a vacancy during its life-time and Qn, Æ ! and 
T have their usual meanings. 
By substituting (v/m)exp (—Qm/kT) =¢, 


d(0s C 
BN (Ge (Gn 


= — (Cy — Co)(v/n) (exp(—QmkT), . . . (9) 


and it follows that 


Cy, = Cot (Cy — Cy)orig, exp (= $4), 
where Cy, is the vacancy concentration at time /. 
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Fig. 10 | 
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Curve (A) represents the experimental ageing curve obtained for a specimen F 
strain aged at 373°K after pre-straining to 5%. Curve (B) is the F 
contribution to ageing caused by tin transported to dislocations by the 
thermal equilibrium concentration of vacancies. Curve (C) is the total 

3 contribution to ageing as a function of time due to tin transported to 


dislocations by the excess vacancies. 
Also, by substituting for Cy , In eqn. (2), and equating f | 
As tZ exp (— Qu]ET) q 


U- (which is constant when the temperature is held constant), the diffusion 
E coefficient becomes 


E RM 2 Di Ages Avv —Oy)orig exp ( — dt). 3 | 
ther, by equating 4, — 40, and B, — A, (Cy — Co)orig., 4 
ie . - | Di A, + B, exp (— dt) pcc rer (5) 
: ion coeffi 3 


decreases to a constant value A, as 


ee Uum 0m PT TEM a CC EC MEME 
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In terms of eqn. (7), curve (A) in fig. 10 is the sum of curves (B) and (C). 
The slope of curves (B) and (C) are determined by the equilibrium vacancy 
concentration C, and by the instantaneous excess vacancy concentration 
(C, — Cp) E c eI The intercept 6 in fig. 10 is the total contribution 

tap by the amount of tin carried to dislocation by all of the excess 
vacancies during their existence. The slope of curve (A) is the sum of the 
Lopes of curves (B) and (C) when added in the appropriate manner. 
ice the slope of curve (A) tends towards A, at long ageing times, this 
by can be measured directly from the experimental data at a point 
; slope of curve (A) has become constant. 
| p may also be estimated since from eqn. (7), it follows that 


| - 4, |= =B exp ( p) . . . . . . (8) 


5 log, [(/?/t) Ae], plotted as a function of time t, will give a 
: line with intercept, (log; B5), and slope, ( —log;o6)(9), as shown 
. 11 for a variety of strains and temperatures. 


Fig. 11 
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log; [ (32/2) — 45] shown as a function of time for a number of strains 
temperatures. The results also apply to the quantity loga i D 
shown as a function of temperature for data derived from curves © 
Type C in fig. 10. 
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Further, if values of f?? and time are derived from curve (©). fig. 10, 
and plotted as logyo(f*”/t) versus t, the same straight line of intercept, 
(logy) B2), and slope, ( — logy) €) ($), will result. This function is also shown 


in fig. 11. 


§ 8. DISCUSSION 
8.1. Activation Energy LIL 

Since ¢ is defined as (v/n) exp (—Qm/kT), the assumptions made to 
describe the influence of excess vacancies can be checked by using $ tc 
determine an activation energy for the early stages of ageing. In fig. 12, 
log,)¢ is shown as a function of temperature, T-!, and the slope of thc 
straight line obtained should be (logi, c)( — Qm/kT) from which an activation 
energy of Qm=0-75 + 0-05 ev is calculated. This is in good agreement 
with values of Qm obtained by the alternative analyses dealt with 
previously. 

Fig. 12 
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value of 5 x 109, which is in fair agreement with the above analysis. The 

? effect of increasing the strain on the magnitude of » can be shown using 
results from fig. 11. 

As the amount of pre-strain is increased from 5 to 1095, the magnitude 

| of ¢ obtained from fig. 11 changes slightly and the estimated number of 

jumps changes from about 7 x 109 to 6 x 109 at 373°K. 


8.3. Rate of Ageing 
“he quantity B, in eqn. (8) is a measure of the initial rate of ageing 
wen both the thermal vacancies and the excess vacancies caused by 
s'sining are present, whereas A, is a measure of the rate under conditions 
cf thermal equilibrium. A comparison of the magnitudes of B, and A, 
shows, that, with 5% strain and a temperature of 373°K, the initial rate of 
ageing is about 10 times the rate during the later stages of the process. 


? This agrees closely with the rates measured by geometrical means directly 
from fig. 9. 
8.4. The Activation Energy of Strain Ageing 
Tt has been assumed that the activation energy, calculated from the 
effect of temperature on the kinetics of strain ageing, is that required to 
exchange a tin atom and a vacancy within the lattice, because the growth 
| of the yield point in alpha bronze is considered to result from the transport 
| of tin atoms to dislocations by means of a vacancy mechanism. 
| 
| 
Method Property measured Assumptions Qm (ev) 
1 d cau 
Repeated yielding 1Strain to the first repeated Qy—Be*? |:0-79::0:05 
yield Type A, e; 
Repeated yielding {Strain to the first repeated Cy = Be 0:79 + 0:05 
yield Type B, e,' The process 
Ageing under stress Yield drop, h is rate 0-75 3: 0:05 
controlled 
Ageing under stress Rise in flow stress, Ac 0:71 +0:05 
- Ageing under stress Rise in flow stress, Ac Dt- const, | 0-71: 0:05 
for constant 
fand 
; A Cy = Bes 
Ageing under stress Rate at which excess Excess | 0:75 £0:05 
vacancies annihilate, d vacancies - 
amnihilate 
according to 
a natural 
law 


Average 0:75 + 0:05 ev 


T Russell (1963). 
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asured from a number of different 1 


i ivati nergy has been me E 
This activation energy ei vasos; 


data and calculated on the basis of various assumptions. 
the activation energy was found to be between 07 and 0-8ev. — et 

In the table the estimated activation energies are summarized and the 
average value of 0-75 ev is proposed for the strain ageing process. | 


$9. CONCLUSIONS 

(1) Strain ageing in copper-tin alpha solid solutions is the result c: 
elastic interaction between tin atoms and dislocations. = 

(2) The migration of tin atoms to dislocations is controlled by a vacanc; 
diffusion mechanism. . 

(3) The activation energy required to interchange a tin atom and 2 
vacancy is 0:75 + 0-05 ev. : en 

(4) The concentration of vacancies caused by plastic deformation m = ' 
alpha solution of tin in copper is given by the relationship QU Bess 
where B is a constant and e is the plastic strain. 

(B) An equation has been developed to describe the early stages of 
strain ageing in the presence of an excess vacancy concentration, which 
decreases exponentially to an equilibrium concentration, as ageing 
proceeds. This is given in eqn. (7). 
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ABSTRACT 


The resolution of momentum into focused collision sequences has been 
studied in the b.c.c. structure by observing the ejection of atoms from 
| tungsten and molybdenum monocrystals undergoing irradiation with 50 kev 
| A+ ions. The ejected atoms were collected on glass plates, and by analysing 
2 the form of the deposits it was found that ejection occurred preferentially in 
the «1115, «100» and <110> crystal directions. This is interpreted in terms 
of collision sequences travelling along these directions which, on intersecting 
the surface, cause ejection in the same direction. 

In order to obtain a qualitative understanding of the processes involved, 
some suggestions as to the possible focusing mechanisms are discussed, and 
approximate calculations of the relative focusing energies and ranges are shown 
to be consistent with the observed nature of the deposits. 

The appearance of faint streaks in the ejection patterns are explained in 
terms of the ejection of energetic recoil atoms whose trajectories are chan- 
nelled between the {110} planes. 


$1. INTRODUCTION 


TRRADIATION of metals produces energetic recoil atoms which dissipate their 
energy through a cascade of atomic collisions. As the cascade spreads it is 
resolved into a series of focused collision sequences propagating along the 

| simple crystal directions (Silsbee 1957, Leibfried 1959, Gibson ef al. 1960). 
In the'event of the cascade occurring close to the crystal surface, the 
intersection of collision sequences with the surface results in the ejection 
of atoms. This process has provided a useful technique for studying 
focused collision sequences in the f.c.c. metals (Nelson and Thompson 1961, 
| 19622, b); it was therefore a logical step to extend the technique to the 
b.c.c. metals. ‘The present paper reports some experiments designed to 
examine focusing in the b.c.c. structure, together with some suggestions for 
possible focusing mechanisms. 


$2. Toe EXPERIMENT 
2.1. General Principles 


Small monocrystals of tungsten and molybdenum were irradiated with 
50 kev A* ions from the Harwell 100 kev Heavy Ion Accelerator (Bamfield 
et al. 1962) in a vacuum of better than 5 x 10-7mm Hg under controlled 
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conditions of temperature. Atoms ejected from their surface due to 
bombardment were collected on flat 5 cm diameter silica glass plates held i 
near to the crystal (see fig. 1). Under the irradiation conditions the | 
removal of material from the crystal surface was faster than an oxide layer 
could form, and so after a preliminary cleaning period a fresh surface was | 
continually exposed to the subsequent irradiation. 


Fig. 1 


ATOMS 


PLATE 
Pea 


EJECTED | COLLECTOR 


ION BEAM 


The apparatus. 


2.2. The Target 


‘The crystals were grown on the end of spectroscopically pure 0:02 in 
wires by the method described in a previous paper on f.c.c. metals (N elson 
et al. 1962). A flat face was ground on each crystal parallel to a particular 
crystal orientation, and any surface damage was subsequently removed by 
electropolishing. The crystals were finally examined by x-ray diffr ti 
to check their perfection and orientation. ER 


UN Hb SM -p iic odas 


2.3. Detection of Bjected Atoms 
The glass collector plates had a 2mm hole at t 


In most cases the targets were irradi 
| Produced on the collector plates ; for 
3 diated with a 50 pa beam of A+ 


i eposit was 
example, in the case of-tungsten 


at 50 kev a good deposit could be seen 


In order to make quantitative measu 


due rements th 


* C . e l t i i 
€ irradiated for three days in a thermal RN ur 1 
n. 

The short-lived E 
ther longer-lived 
; and so after a few 
Unfortunately this 


the comparatively 
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$3. RESULTS 


Figure 2 shows three prints made from the autoradiographs of deposits 
produced by tungsten crystals having various planes parallel to their 
surface. Unfortunately, because of the reduction in contrast range which 
printing, direct photographic reproduction is by no means the 


occur: g, 


ideal vw» of representing the results. However, by carefully controlling 
the € sure with the aid of electronic printing and contrast masking, it 
has be: possible to produce results which give a fairly good representation 
of the zeneral nature of the deposits. The prints were made with a scanning 


light source, the brightness of which was modulated to match the contrast 
rang stable by the emulsion. 

The patterns show spots which correspond to preferential ejection in the 
(1115, (100) and (110) directions, together with faint streaks which 
indicate ejection parallel to the {110} planes. Surrounding the (111) 
spots are three quite well-defined extra spots, of one-quarter the intensity, 
which result from ejection at an angle of 10° to the (111) directions in the 
{110} planes. Surrounding the (1005) spots are four not quite so easily 
resolved spots of about one-tenth the intensity, and these correspond to 
ejection at an angle of about 4° to the main direction in the {100} planes. 
Unlike the main (111) and (100) spots, which appear circular when 
collected at normal incidence, the (110) spots always appear oval and have 
their maximum diameter lying along the intersection of the (100! planes 
and the collector. The average of several microphotometer measurements 
showed that the amount of tungsten contained in one (111) spot, together 
with its three subsidiary spots, was about twice that contained in one (1005 
spot, and 12 times that contained in one (110) spot. 

The general nature of the deposits from molybdenum was identical to 
those from tungsten, including the appearance and position of the extra 
spots. The intensity of the (111) spots was still about twice the (100) 
spots but now only eight times the (110) spots. 

If the process of atomic ejection is explained in terms of the intersection 
of energetic collision cascades with the surface, the above results suggest a 
resolution of momentum into the (111), (100) and (110) directions. 
Focused collision sequences offer a possible mechanism by which momentum 
may be resolved into the simple crystal directions, and it is therefore 


suggested that, in the b.c.c. structure, Sequences occur in the above three 
directions. 


$4. PossrBLE Focusing MECHANISMS 


In this section we will discuss the i i i 
possible focusing mech i 
treatment on the anal 2 nisme s 


ysis used in the previous work on f.c.c. metals (Nelson 
m Thompson 1961). The interaction between atoms will be described 
y a Born-Mayer repulsion potential of the form 
V(r)= A exp (—r/a), 
where A and a are constants. 


Becau ERE Lu 
to these constants for a parti se of the doubt arising in giving gives 


cular metal, it is not possible to pr 
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complete analysis of the focusing conditions for either tungsten or molybde- 
num. However, Brinkman (1960) has proposed an empirical expression 
to describe the interatomic potential of any metal having an atomic number 
greater than about 25, and this will be used to obtain an order of magnitude 
estimate for the focusing conditions in tungsten. At large separations, 
of the order of the lattice constant, Brinkman’s expression effectivsiy 
reduces to a Born—Mayer potential with constants 


4—19x10-9Z,Z2!? and a=1-5a,/Z4%, 


| where Z is the atomic number, Hy the Rydberg energy and a, the Bez 
radius for hydrogen. Brinkman used this form of his potential to caleuiz;:z 
the elastie constants for different metals, and in the case of tungsten 
found agreement to within 50% of the measured value. The Born-Maye 
constants for tungsten as derived from the above potential are therefore 
A=4-9 x 105 ev and a@=a,/17, where a, is the lattice constant. In general, 
for most b.c.c. metals it is reasonable to expect the parameter, a, to lie 
somewhere between @/10 and a,/20; therefore until reliable values are 
known, we can only discuss the focusing mechanisms in a semi-quantitative 
way as a function of a. 

| Head-on collisions between atoms will be treated in the hard-sphere 
j approximation and glancing collisions by an impulse approximation ; the 
application of these approximations to collision sequences has been discus- 
i sed at length by Lehmann and Leibfried (1961) 
| Theinfluence of lattice vibration on the pr 
has been shown to be important in 
In this instance, however, 
model in order to obtain 
involved. 


opagation of collision sequences 
a previous paper (Nelson et al. 1962). 
calculations will be based on a stationary lattice 

à qualitative understanding of the processes 


Fig. 2 
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Fig. 2 (continued) 
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The Silsbee focusing condition requires the hard-sphere radius, ps to 
satisfy the relation 4E > D'!, where D is the separation of adjacent 
atomsinthe (111)line. Theradius varies as a function of energy according 
to the relation V(2R) — E[2, and a limiting energy, called the focusing 
energy, can therefore be defined to satisfy the equality R =D™/4. The 
nearest-neighbour spacing .D!!5 equals A/3|2ay, where ag is the lattice 
constant, and so the focusing energy is given by : 


By =24exp(- X292). Perens 4i) 


For stationary f.c.c. lattices Silsbee (1957) and Leibfried (1959) have shows 
that attenuation of a focused collision sequence results from the interaction 
with neighbouring atoms in adjacent close-packed rows. The magnituce 
of the interaction may be obtained from the work done against the potential 
gradient of the surrounding atoms before a collision occurs. Using this 
approximation for the (111) sequence in the b.c.c. structure, the fractional 
energy loss per collision at the focusing energy is given by : 


meg {esp (-03s%) —lexp (oss) } Te Ex) 
a 


Assuming a constant energy loss per collision, which is approximately 
valid due to the slow change in radius with energy, the number of collisions 
that a sequence starting at Z7!!! can travel is given by: 


1 
jur 
Ny = Gam 5 ot Ot ape ene A T (3) 


had A 4.2. The (100) Sequence 


. The hard-sphere condition for Silsbee focusi irecti 
B a ocusing along the (100) directions 


Bim-24exp (—3 2) m mco 


A, moving at an energy above Hy, ata 
passing through the ring of B atoms it 
le next atom As. Thering of B atoms 
ngth f1°°—q,/2(6/d), and 


on and Thompson 1961) 
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From fig. 3, using the small angle approximation, we can write down the 
relation : 


2Rj- ( -2R) (20—4), for R< 7, 


| whenes 


and. so 


(6) 


The (100) focusing effect. 


Figure 4 shows 4/0 plotted as a function of Æ for a/a — 10, 
correction to account for the shortening of the distance over w 
glancing collision occurs at lower energies. For the purposes of compa 
therelative angular increase which results if the focusing rings are ted | 
is also shown by the curves of J'[0. We may deduce from these curves 


far for their energy to fall below 100. and: 
propagate in a focused state. 

Because of the potential maximum 
propagate with successive i 
ment nature 
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PERCENTAGE ANGULAR INCREASE 


n 1 | 


100 
EN 2E, 3E, 4E, E 


é ae es a 
Relative angular increase between successive (100) collisions above Ep”. 


The fractional energy loss calculated in a similar way to (111) sequences 
gives 


| «i22 {exp ( -0:207 (2) —2exp (—0-867 aie 3-8 AU 


and assuming a constant energy loss per collision the total number of 
collisions made by a sequence starting at H; is: 


l | 
np = 


qm: e rece) | 


4.3. The (110) Sequence 


From a consideration of the atomic structure it is evident that collision 
sequences along the (110) direction result from t] 
| suecessive diamond-shaped rings of atoms. 
produced by a ring of this kind is rather asym 
i optical analogy may be regarded as forming a highly astigmatic lens; } 
the atomic trajectories produced are illustrated in fig. 5. : | 
In general a sequence passing through a series of such lenses will tend to 
be deflected away from the X atoms so that it propagates with successive | 
collisions oscillating from side to side in a {100} plane. True focusing can 
only occur for deviations exactly ina at 10} plane, i.e. towards the X atoms 
and using these conditions the energy range over which (110) sequences 
propagate can be estimated. 
The focal length of the converging section of the lens across X-X can be 
calculated in the usual way to be: 


f= SA E rb (ear) 


he focusing action of 
The potential distribution 
metrical and in terms of the 


. 


4a, A 4 a (9) 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Focused Collision Sequences in Tungsten and Molybdenum 701 


and this gives a focusing energy of: 


2 2 5a, 
uo. V2 (ag exp (— S 6o A x ec (U 
E, ; E (2) A exp ( 7 o) (10) 
The frestional energy loss at E, ,!!9 is 
a\? 
Ge Dk (<) s ¢ 6 0 0 ss o (lil) 


and so She approximate number of collisions before attenuation is therefore : 


l fa Ne 
N, 110 = = zu o 5 5 o 5 6 9 12 
a 10 (s (2) 


However, because of the astigmatic behaviour of the focusing rings, a 
large aumber of sequences will become defocused. Only a very few will 
therefore be able to propagate over a significant distance with the result 
that atomie ejection due to (110) sequences will be relatively small. 

Collisions between successive atoms occur on the far side of the focusing 
lens and so (110) sequences will be of a replacement nature and an 
interstitial will be produced at their termination. 


Fig. 5 
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$5. DISCUSSION 


The results of the sputtering experiments suggest the existence of three 
ng the (111), (100) and 


types of collision sequence which propagate alo 
(110) directions respectively, and the possible mechanisms responsible 


for each sequence have been discussed in the preceding section. Using the 
empirical Born-Mayer constants 4—49x109ev and a= ag]l7 derived 
previously, focusing in tungsten may be summarized as follows: 
By" = 600 ev EB} = 200 ev Ey ,Y°= 2700 ev 
n! = 150 np = 20 nto ==30 
In fig. 6 the energies at which focusing occurs and the maximum number of 
collisions travelled in a stationary lattice have been compared for different 
values ofa /a. Inareallattice theinfluence of thermal vibration is expected 
to reduce the number of collisions rather drastically, especially in the case of 
a 11) sequences which depend only on the geometric positioning of succes- 
sive atoms and are in no way influenced by the lens effect. However, the 
above. results are qualitatively consistent with the observed relative 
intensities of the ejection spots, and they serve as a guide in forming order 
of magnitude estimates of the basic focusing conditions. The (110) 
sequence is especially interesting in that the astigmatic behaviour of the 
BEL M T ES p ovalshapeofthe (110) ejection 
. t r, We explain the extra spots and strea i 
appear in the ejection patterns. : urn 


Fig. 6 
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Fig. 6 (continued) 


(5) 


(a) Comparison of focusing energies as a function of a. (b) Maximum number 
of collisions as a function of a. 


5.1. A Possible Explanation of the Subsidiary Spots 


Except for those sequences which propagate with the transfer of an inter- 
| stitial, the intersection of sequences with a surface not only results in the 
| ejection of atoms, but also in the creation of surface vacancies. These 
| vacancies introduce strain into the surrounding lattice and neighbouring 
| atoms will suffer relaxation. In the b.c.c. metals relaxation esto have 
been shown to be somewhat larger than in the f.c.c. metals, and the nearest- 
neighbour relaxation around vacancies in tungsten and molybdenum has 
bees uated to be about 6% (Girifalco and Streetman 1958, Girifaleo 
| an Veizer 1960). Consider fig. 7, which represents the atomic arrange- 
] ment in one of the three (110) planes intersecting a {111} surface at right 


angles. Suppose a vacancy is produced in the surface at V. The nearest- 


| 
Í neighbour atoms, one of which is A relaxati 
| UU OR c , Suffer relaxation and move towards 


ome time later in the course i jation ; 
. of t ; 
q l 1) sequence will pass through A. and as a conse he irradiation a 
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The effect of a surface vacancy on the (111) sequence. 


energy the hard-sphere radius is D'!/4 and so the angular deviation is given 
roximately by 
appro 3 ae (13) 
1 pua: 
The value of n measured from the deposits produced by a {111} tmngrten 
crystal is about 10°, which gives a relaxation of about 8%. Allowing for 
the fact that this value refers to a surface atom, where relaxation effects 
might be expected to be larger, the agreement with the theoretical value is 
quite reasonable. : 

Under the irradiation conditions vacancies are produced in the surface 
at the rate of ~ 1017 em-?sec-! ; in other words, a new surface is exposed 
about 100 times in every second. Under normal conditions a dynamic 
surface of this nature will contain an extremely high concentration of 
vacancies, limited only by the requirement of preserving the atomic 
structure of the surface. Experiment has shown the main (111) spots to 
have about four times the intensity of their subsidiary spots, and it is there- 
fore reasonable to suggest a maximum dynamic vacancy concentration of 
about one-quarter. Thompson (1960) has suggested that vacancies within 
tungsten anneal in the region of 400?c ; above this temperature therefore 
vacancies will migrate over the surface, where the activation energy is 
presumably lower, until they agglomerate or are captured at sinks such as 
grain boundaries, surface steps and other dislocations. It might be expec- 
ted, therefore, that at somewhat higher temperatures the dynamic vacancy 
concentration would become sufficiently small to affect the relative intensity 
of the extraspots. Irradiation of tungsten at different temperatures has in 
fact shown that above about 1700°c the extra spots are in fact reduced in 
intensity relative to the main (111) spot. In view of the extremely high 
damage rate, it is quite conceivable that temperatures of this order are 


cessary if à significant number of surface vacancies are to be 
captured without interacting with collision Sequences. 


CC-0. In Public Domain. Gurukul Kang 


3 
| 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


— 


0 


-I 
et 


A Focused Collision Sequences in Tungsten and Molybdenum 


5.2. A Mechanism for the Ejection Streaks 


It is thought that the streaks in the ejection pattern, which correspond to 
the intersection of the {110} planes and the collector, result from the ejection 
of enezgetie recoil atoms. Nelson and Thompson (1962 b) have explained 
arance of such streaks in the ejection patterns from f.c.c. metals as 
; from the channelling of energetic recoils between adjacent (111) 


pis^ss. In the b.e.c. structure successive {110} planes of atoms are quite 
wic-iy separated; the space between should therefore be comparatively 
tre::c7ocent to recoils. 


$6. CONCLUSIONS 


i 2 b.c.c. metals momentum is focused by the propagation of collision 
seq s into the (1115, (100) and (110) crystal directions. These 
sequences are listed below, in order of importance, together with the mecha- 
nisms by which focusing is thought to occur ; details of focusing in the f.c.c. 
metals are shown for comparison. 


b.e.c. f.c.c. 


Sequence Foeusing Sequence Focusing 
mechanism mechanism 
(111) Silsbee (1105 Silsbee 
(100) Silsbee (1005 Lens 1 
(110) Lens (111) Lens | 


ACKNOWLEDGMENTS 


| I am grateful to Mr. M. W. Thompson for many helpful suggestions 
regarding the work and the preparation of the manuscript, to Mr. B. W. 


Farmery for assistance with the irradiations and to Mr. R. N. Copp for 
| preparing the monocrystals. 


REFERENCES 


| BaRNEIELD, R. W., Farmery, B. W., Hos»rs, L. €. W Y 

| pas, Doursos, M. W., 1962, J. nucl Energy, C, 4, 89. Tue 
1 RINKMAN, J. A., 1960, * Radiation Damage in Soli is? i 

| mM S ge in Solids °, International Summer 
Hy 


Geson, J. B., Gouann, A. N., Mincram M. Y 
| a Phys. Rev., 120, 4, 1229. a E C 
| IRIFALCO, L. A., and SrREETMAN, J. R., 1958, J. Phys. Che j 82, 
GinirALOO, L. A., and WEIZER, V. G., 1960, J. Phys. Chem. ee Eu 260. 
| Lursremp, G., 1959, J. appl. Phys., 30, 9, 1988. Em 
LEHMANN, C., and LErBFRIED, G., 1961, Z. Phys., 162, 2, 203 
NELSON, R. S., and THompson, M. W., 1961, Proc. roy. Soc. A 259, 458 ; 1962 a, 
warso tt Hag. 7, 1425; 1962b, Phys. Letters, 2,3, 124 — ^ 
N, R. S., ; ERY. ] f [ag.. 
VE omeson, M. W., and MONTGOMERY, H., 1962, Phil. Mag., 7, 
SILSBEE, R. H., 1957, J. appl. Phys., 28, 1246 
Tuomeson, M. W., 1960, Phil. Mag., 5, 51, 278. 


CC-0. In Public Domain. Gurukul Kangri Collection, Hari 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


| 
j 
1 
i 
i] 
f 
j 


1 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


T am] 


CORRESPONDENCE 


Note on the Formation of Voids during Creep 


By G. W. GREENWOOD 
Central Electricity Generating Board, Berkeley Nuclear Laboratories, 
Berkeley, Glos. 


[Received 19 December 1962, and in revised form 14 February 1963] 


Tus failure of many metals and alloys after only a small amount of creep 
deformation is well known (Grant and Chaudhuri 1957). Observations 
show that fracture occurs when numerous cavities or cracks which form 
along grain boundaries have grown and coalesced (McLean 1958). In 
some cases the junction points of three grain boundaries have been pre- 
ferential sites for crack or cavity formation and this has been asoribed to 
high stresses set up at these points when grain boundary sliding occurs 
(Zener 1948). In other cases cavities have been observed to be distributed 
along grain boundaries mainly perpendicular to the applied stress (Hull 
and Rimmer 1959, Davies and Wilshire 1962). Their nucleation has been 
variously ascribed to the intersection of slip with grain boundaries to form 
ledges which open up by boundary sliding (Gifkins 1956, Chen and Machlin 
1956), the formation of sub-boundaries which concentrate the stress In a 
manner analogous to triple prints (Pressland and Hutchinson 1962) and 
to the existence of non-wetting precipitates in the boundaries which are 
large enough to permit vacancy condensation under the applied stress 
(Cottrell 1959). 

The principle of the theory of vacancy condensation on nuclei of second 
phases is well established (Balluffi and Seigle 1957). The vacancy con- 
centration ( is the volume of one vacancy) 
dicular to an applied stress c is enhanced by a factor exp (cO]ET) over the 
value in the absence of stress. The vacancy concentration around a void 
of radius r is increased by a factor exp (2y O]E/Tr), where y is the surface 


are the major source of 
ids do not occur when a 
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the basis of vacancy condensation on non-wetting precipitates. ‘This | 
leads to a rate of increase in each void volume dv/dt given by : | 
dv|dt ~ 277 QD 8, (o —P)[kTa, ee tds (1) | 
where Dg is the grain boundary diffusion coefficient, 8, the effective grain 
boundary width, P the hydrostatic pressure and a the void spacing. 
When eqn. (1) is integrated to obtain a time of rupture tr which is assumec. 
to occur when 7 ~a/2, it is found that 
icBDA4ODS,o—P). . - = +--+ + () 
The relation between tr and (o — P) in eqn. (2) has been confirmed experi- 
mentally (Hull and Rimmer 1959) for cases where c is constant. Thus 
the theory provides a possible basis for obtaining a quantitative under- 
standing of creep ductility and it is important to assess its range of validity. 
In attempting this, however, a number of independent pieces of experi- 
mental evidence throw doubts on the theory in its present form and in 
analysing these discrepancies a way towards an acceptable theory is | 
indicated. 
An important feature, which has recently been emphasized (Feltham 
and Meakin 1959, Feltham 1962), is that, under a fairly wide range of test 
conditions, the elongation during secondary creep is roughly constant, so 
that, approximately, the time to rupture troc e-!, where € is the secondary 
creep rate. It is thus expected from eqn. (2), when P — 0, that €ocDgo/T, 
which implies a linear relation between € and c, whereas an experimental 
relationship écco? is obtained (Sherby 1962). Secondly, eqn. (2) implies 
that creep occurs with the same activation energy as that of grain boundary j 
diffusion, whereas experimentally a considerably higher activation energy | 
is found for creep (Sherby 1962). | 
A further serious objection can be raised against eqn. (1) in the light of | 
recent precise measurements of density changes due to void formation in | 
copper during creep (Boettner and Robertson 1961) | 


c ; c - These lead to a | 
relationship which can be written in the form : | 


In V Zzln e4- A, E (3) 
where V is the total volume of all voids present after a secondary creep 


strain e. A increases with decreasing temperatur R ? 
approximately constant with a value ee 3. i "Thus d ru 
secondary creep range Voc. Tt follows that, if the number of Wee 
ae constant during secondary creep the relationship UNENE 
e : 3 ARN where dv/dt is the growth rate of an individual void. 
gn. do[dtoct!?, Thus eqn. (1) 


pn , however, dvfdtccrccy 3, so that 

18 not m agreement with the experi i i i 

Mu E M perimental results on precise determinations 
It 18 suggested here that this serious 

satisfactorily by including in the analy 

of voids can increase during the creep 


| 
| 


discrepancy can be resolved most 
SIS an assumption that the number 
test such that 


in 
dV|dt— X [0t (nr), 
4-0 


ÀÁ—Á 
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where at any instant n;is the number of voids of volume vj. On inte- 
grating we obtain: 


t 
ya [ n(t) (dv/dt) dt, «Rer onde (2) 

J0 
where a(t) is the total number of voids at time ¢ in the secondary creep 
rangs and the average instantaneous void growth rate is dv[dt. Since 


voids ave distributed over grain boundary areas their number n(t) oc 1/a? 
anc. since eqn. (1) describes the growth rate of individual voids, dv/dtccr/a. 
Ec-530n (4) now becomes: 
" 
va | (1/a2) (rja). dt. NEU c 0 
0 


But we know from eqn. (3) that V oct?, so that, from eqn. (5) we deduce 
r[a?oc?. Combining this with eqn. (1), we obtain rocí?" and aoct-3"., 
Thus n(t) oct*", so that n(t) is approximately proportional to tł. Thus the 
increase in the number of voids is approximately proportional to time and 
to secondary creep strain which suggests that the deformation mechanisms 
occurring, and not merely non-wetting precipitates, play some part in the 
void nucleation process. 
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The Climb and Glide of Misfit Dislocations 


By J. W. MaTTHEWS 
Lsartment of Physics, University of the Witwatersrand, Johannesburg 


[= sceived 19 December 1962, and in revised form 11 February 1903] 


Dizzcr observations of dislocations that accommodate the misfit between 
crystals with slightly different lattice parameters have recently been made 
(Matthews 1961, Delavignette ef al. 1961) using the transmission electron 
microscope technique (Hirsch et al. 1960). In one of these (Matthews 
1961) the misfit dislocations lay in an (001) interface between single crystal 
films of PbS and PbSe. The dislocations were in edge orientation and 
had 1a(110) Burgers vectors which lay in (001). 


Electron micrograph of an unheated PbSe/PbS. specimen. 


x 176000. Magnification 


This note describes the behaviour of misfit dislocations in à PbS/PbSe 
Specimen when it was heated by the electron beam. Figures 1 and 2 
are micrographs of unheated and heated Specimens. It can be seen that 
the spacing of the misfit dislocations is much greater in th : 
men than it is in the unheated one. 


x z proportions and 
relationship between the lattice parameters of PbS an "s 
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(c) 
Successive electron micrographs of a heated PbSe/ 
was heated by the electron beam for shor 
elapsed between the micrographs. Magnification x 220.000. 
CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


PbS specimen. The spec; 
t times during the PES 
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of their alloys (Yamamoto 1956). Ina system such as this the behaviour 
of misfit dislocations during diffusion can be predicted without difficulty. 

Diffusion would replace the interface between the two crystals by a 
gion which contained alloys of all compositions. The misfit dislocations 
wld move during diffusion and become distributed throughout the 


ee 
aloyed region. Some would move towards the upper surface of the film 
ci others towards the lower one. This would take place by climb since 
tt» motion is out of the plane defined by the lines and Burgers vectors 
oi the dislocations. The density of misfit dislocations would not be 
cioaged by diffusion until after the alloyed region had reached the 
wvex or lower surface of the specimen. When the alloyed region reached 


one of these surfaces further diffusion would lead to a reduction in the 
misiit to be accommodated and thus to a reduction in the misfit dislocation 
density. This would take place by the escape of dislocations to either the 
upper or lower specimen surface. 

The escape of a dislocation would be followed by movement of its 
neighbours to establish a more uniform dislocation distribution. Much of 
this motion would take place by glide, i.e. by motion in the specimen plane. 
An example of the escape of a dislocation which is followed by the glide 
of*one of its neighbours can be seen in fig. 2 (a), (b) and (c). The 
dislocation AB in fig. 2 (a) shortened to AB’ in fig. 2 (b) during the time 
that elapsed between the micrographs. Further escape of AB’ occurred 
between fig. 2 (b) and (c), and dislocation C moved by glide to ©’. The 
motion of C was into the gap left by the escape of AB. The timing and 
direction of this motion suggest that it occurred to establish a more 
uniform dislocation network. It is possible that it was influenced by the 
stresses which are set up in thin films by the electron beam. 

The observations described here are closely related to those of Prussin 
(1961). He demonstrated, using etch-pit techniques, that dislocations 
accompany the diffusion of boron or phosphorus into silicon erystals. 
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REVIEWS OF BOOKS 


X.2sy Optics. Second edition. By A. J. C. Wrzsow. (London: Methuen & 
., Ltd., 1962.) [Pp. 147.] Price 21s. 


4 s the second edition of Professor Wilson's book which was very well 
res ».72d when first published fifteen years ago. Relatively few changes have 
bes. made and the level of mathematical treatment remains about the same. 
Tis bibliographies at the end of each chapter have been considerably expanded. 
sive chapters deal with x-ray diffraction and the reciprocal lattice, 
ion by small crystals, the effects on the diffraction pattern of mistakes 
tal structures, diffraction by distorted crystals, and a summary of the 
theory in terms of Fourier transforms. The last chapter deals with the effects 
of thermal motion, and suffers from over-simplification. 

This is a book which can be thoroughly recommended to all interested in 
x-ray diffraction. Physicists interested in crystal defects should also find 
it worth studying. W. CocHRAN 


Superconductivity. By Ernest A. Lynton. (London : Methuen & Co., Ltd., 
New York: John Wiley & Sons, Inc., 1962.) [Pp. xi+174.] Price 21s. 


Tuts recent addition to the library of Methuen Monographs on Physical Sciences 
is perhaps best described as a dictionary of superconductivity. Almost every 
significant paper in the subject—and almost every significant equation—is 
referred to somewhere in the text, with some brief indication of its importance, 
and with full references. It is up to date. As such, it forms a very handy 
reference book for someone already grounded in the subject, and a comprehen- 
sive list of “ what there is to know about superconductivity " for the novice. 

It is also a disturbing book, however. The forty-six years spent between the 
discovery of superconductivity and the elucidation of its basic mechanism in 
1957 are a warning that the subject is not easy. The compressed style means 
that the subtleties and difficulties which have been central to its understanding 
cannot be developed. For instance, the author gives details of many of the 
consequences of the new microscopic theory, but does not show how it predicts 
the Meissner effect, or the property of infinite conductivity itself. ‘These are 
certainly difficult topics, but they can scarcely be ignored. In developing the 
microscopic theory itself, he sketches the rather complex mathematical details 
of the superconducting ground state quite clearly, but nowhere explains that the 
quantities which he is manipulating refer to a many-particle wave function 
made up of a linear combination of independent particle excited states, the 
ground concept of the calculation. Presumably this book will find its main 
readership among students reading up special subjects in their final degree 
years, and among young research workers new to the subject. The best of 
them will be exasperated by attenuated exposition of this sort. "The remainder 
will probably find the book too difficult to absorb, but will be left with the 
impression of a subject elementary in principle, but full of complex phenomena 
and difficult analysis. This is a pity, because, when not obea by problems 
of theoretical and experimental technique, superconductivity is a delightfully 
simple and clear-cut phenomenon, the theory of which is subtle, fundamental. 
and in great need of clear exposition at a comparatively elementary level. , 


J. R. WALDRAM 
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Introduction to Electromagnetic Fields and Waves. By Dare R. Corson and 
PauL Lorraty. (London and San Francisco : W. H. Freeman. & Co., 1962.) 
[Pp. xiv-+552.] Price £3 8s. Od. 

Tuas book is for students who wish to apply mathematical methods to electro- 

magnetic problems. In. scope it falls somewhere between Physics and Mathe- 

matics. For Physics students it will certainly need considerable supplementa- 
tion, particularly on the experimental side. As is usual in such mathemat' sal 

treatments, the experimental basis of the subject is dealt with only superficiz ' v. 

For example, the inverse square law of electrostatic force is stated to bc 

experimental law, but the experiment of Plimpton and Lawton is only bric: 5 

referred to in a footnote and not described, and the name Cavendish is 2. 

mentioned at all. Rationalized m.k.s. units are used exclusively. The symb.'s 

co io appear in. the formulae, but are intended to have only the specific r.m.i: 5s. 
values. 

An outstanding feature is the use of perspective drawings with half-tone 
shading. These have been very carefully prepared and will be especially 
valuable for students of lower second-class standard, who are often greatly 
helped by such visual aids. The style of writing and the mathematics are 
exceptionally clear, and the book can be strongly recommended to all except 
the really first-class student who wants to pursue the subject a little deeper. 
It is an excellent class teaching book, though as a reference work for research 
workers it may have limitations. 

Among the more advanced topics are: wave-guides of rectangular section 
wave propagation in dielectrics, good conductors and isotropic ionized gases, 
radiation. from dipoles, quadrupoles and aerial arrays, reflection at plane 
boundaries, and the electromagnetic field of a moving charge. K, G. BUDDEN 


Group Theory. The Application to Quantum Mechani 
a . By P. H. E. Mews 
and E. Bauer. (North- M APTUM pe ERE . MEIJER 
cu omn Eablising Company, 1962.) [Pp. 288] 


Ir is difficult to see exactly why thi i 
jo § y this book was published except for tl i 
pen e man money tan the libraries that will feel di 
: e book is addressed to a mathematicall isti 

ud A > take in at the second sentence of the book our a 
peame Ei and commutative, associative and distributive o oum 3) 
mu. ment or definition. On the other hand, it is very m x NE 

uction to the subject, for instance, building up qu E 
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Sirain Ageing in CdCl,-doped Rock Salt 


| By L. M. Brown7 and P. L. PRATTÀ 
| epartment of Physical Metallurgy, University of Birmingham 


| [Received 21 January 1963] 


ABSTRACT 


| Strain-ageing experiments on single crystals of NaCl doped with small 
| amounts of CdCl, show that such crystals behave in a manner similar to impure 
| tals. A yield point can be induced by ageing at temperatures around 100°c. 
| The characteristics of the yield point can be explained most satisfactorily by 
| Cottrell's theory of strain ageing, assuming impurity-positive ion-vacancy 
pairs to segregate in the dislocation cores. The effect is not associated with 
charged dislocations. 


$1. INTRODUCTION 


Two distinct mechanisms for dislocation pinning have been proposed for 
ionic crystals. The first of these is an extension of the well-known Cottrell 
theory of locking by impurity atoms condensed on the dislocation core 
(Bassani and Thomson 1956) ; the second is based on the idea that an 
edge dislocation in an ionic crystal possesses a core charge which arises 
because the dislocation is in thermodynamic equilibrium with the surround- 
ing lattice defects (Eshelby et al. 1958, Brown 1961, Koehler et al. 1962). 
| However, no systematic experimental study of strain ageing in these 
| crystals has as yet been reported, although jerky flow has been observed | 
by many workers (e.g. Classen-Nekludowa 1929). The present experi- | 
ments were undertaken in the hope of providing some data to corroborate 

one or other of the two models. 


$2. EXPERIMENTAL APPARATUS AND PROCEDURE 


| Crystals of NaCl were grown from the melt by a modified Kyropolous 
| . method. Cadmium chloride in small amounts was added to the melt 9 
(initially of Analar purity) to obtain impure crystals. The newly grown 
j boules were annealed at 650°c for several hours, and then cooled at a 
constant rate to room temperature in 48 hrs. Specimens for mechanical 
testing, of size 7 x 3x 3mm, were cleaved from the crystal. They were 
annealed in syndanio trays at 650°c for 3 hr and then cooled in 48 hrs to 
room temperature. Analyses of the crystals for Cd++ content were made 
by a polarographic method at the Mond Nickel Laboratories, Birmingham. 


T Now at the Cavendish Laboratory, University of G i 
E I Now at the Department of Metallurgy, Ten S College. M n 


E P.M. 
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The divalent ion content in solution in the roses oe eee i 
: E PEE 
impurity) can be estimated from conductivity data ere 
ee ee fraction. Precipitation or association reduces this 
alue of ~5 x 10-8 at 100°c. ; A 
i The impurity content of all the crystals used is set forth in the following 
table. 


1 
| 
| 

SP26 Jefe 
Crystal and SI20 S122 S123 S124 | 
SP33 | 
; : «s | 
LO 5x10-9 | 49x10-5 | 1-0x 10-5 | 15x 10-5 | 27 x 105 | 
fraction 
Crystal SI25 SI26 SII4 LII 
CdCl, 
mol. 48x10-75 | 1-7 x 10-4 | 5-2 x 10-5 | 2-7 x 10-5 
fraction 


The mechanical tests were done in compression in a ‘hard’ machine. 
A central plunger, supported by bearings, was driven down by a mechanical 
linkage, one part of which was a J. Langham Thompson load cell of range 

-1001b. The machine was essentially a Polanyi type, and furnaces and 


Temperature control in th 
A small cryostat using liquid 
temperature experiments, the 
to within one degree, 


e furnace was accurate to within 1?o. 
nitrogen as coolant was used for the low 
temperature control again being accurate 


.$3. EXPERIMENTAL REsuLTS 
MARHE The Existence of a Yield Point 
standard ‘pure’ crystal (SP26) and the other an 

ed 2% at room temper: unloaded 
then s f 


ae 
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14%, aged for 184 hrs at 100°c, and reloaded. The results are shown in 
fig. 1. (In all the stress-strain curves shown in this paper, we plot axial 
compressive stress versus engineering strain in percentage.) In both the 
pure snd the impure crystals, unloading and immediate reloading produces 
t but definite hardening. This effect has already been observed by 


a sie 
Press: (954) in pure crystals. This is a small effect and we shall not discuss 
it furyser. 

Lory ageing times, however, affect the two crystals in a markedly 
dif-:.-5 way: the pure crystal shows a softening, whereas the impure 
crys’ shows a 10% increase in its flow stress. This increase can be 
cor: cred a ‘ yield point’ in that the stress-strain curve is not permanently 
affeo ot, for after 2% more strain the crystal resumes its normal work 


harccning curve. 


Fig. 1 


1200 [- 
UT SMSY 2 
/MM 


1000 + 


600 [- 
/ 
J 
j unload, 
400 F oge 185 
nrs. 100°C 


unload, 
reload 
at once 


The different ageing behaviour of ‘ pure ` and doped crystals. Crystal S120 has 
been doped with 50 p.p.m. of CdCl. 


A feature which this increase in strength has in common with the yield 
points observed in metals is that the deformation immediately after yielding 
occurs by the passage of a Liiders band through the crystal. One can see 
this by viewing the crystal in such a way that the slip is revealed by 
birefringence. 

If the test is stopped at a point such as A, fig. 1, the plane dividing the 
slipped from the unslipped (strain-aged) regions of the crystal is revealed by 
the stress concentrations near the band. Figure2showssuchaband. The 
test was stopped after about one-fifth of the yield extension had passed, 
and the centre of the band was one-fifth of the way down the crys 
the end (not shown) to the left of the photograph; one dum 4 
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STRAIN - AGED | 
MATERIAL | 


j DEFORMED 
MATERIAL 


A Lüders band in rock salt. 


The band i E 
between crossed d E by viewing the erystal 
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| identify unambiguously the deformed and strain-aged material. The 
| band is thus moving from left to right, in the direction of the arrow. Tt is 
interesting to note that the leading edge of the band curls back from the 
| line of the front; this is similar to observations made in metals. 

| Ir. vhat follows, we shall use the increase in flow stress on ageing, Ar, 
as © .easure of the hardening. We shall discuss in turn the effect 
| of vccving pre-strain, impurity concentration, temperature of testing, 
ten-^:.7;ture and time of ageing on the size of Ar. 


| 3.2. The Effect of Pre-strain 
| Fixe 3 shows the result of repeated strain-ageing experiments on 


crys. LII, both the straining and the ageing being done at 100°c. The 
1nos: obvious result of such an experiment, characteristic of all the crystals 


Fig. 3 
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2000 
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STRAIN - AGEING 
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1500 


ES flow 
v (schematic) 


Results of repeated strain-ageing experiments on one erysta, 
regions of jerky flow. Dus 
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| 
defects introduced by deformation are in some way preventing Tne | 
from pinning the dislocations effectively ; or (2) the d islocati on str gas 2 | 
the crystal is such that either ageing is prevented or pinned dislocati pns ar 
freed without a detectable increase in flow-stress. We may distinguish 
i between these possibilities in the following way: if the crystal is anr.c Med l 
for 1} hrs at 350?c, most of the excess point defects introduced b; the | 
13 deformation are annealed out (Silverstone 1960). Thus, after sun. a | 
i| treatment, the point defect structure of the crystal must be very si lar 
to that of a virgin crystal, whereas the dislocation structure, while altc :2d, | 
will remain characteristic of a highly deformed crystal. If defect cha- zes | 
are responsible for the disappearance of the yield, it should re-appcar, | 
whereas if dislocation changes are responsible, it should remain absent. | 
The behaviour of crystal LTI, as shown in fig. 3, indicates that, since the 
crystal cannot be made to strain age after 14 hrs at 350°c, the second of the 
two possibilities must be nearer the truth. Note, however, that jerky | 
flow appears again after the partial recovery treatment, which means that | 
some unlocking process is taking place. It is just that ageing in highly 
deformed crystals seems not to give rise to a simple Lüders band as shown 
in fig. 2: the unlocking occurs in some other way. 

Order of magnitude caleulations suggest that there are always sufficient 
impurities available to saturate the dislocation cores. An explanation | 
for the disappearance of Ar at high strains might be that the increasing 
dislocation density permits an increasing stress concentration factor at the | 
Lüders front so the additional stress required to propagate yield becomes | 
Gaon eee e understood in terms of Johnston and | 

yielding, as being due to an increase in available | 


sources with increasing dislocation density, resulting in flow with no 
yield due to dislocation multiplication. 


| 
| 
F 722 L. M. Brown and P. L. Pratt on 
| 
| 


3.3. Observations on the Effect of CdCl, Additions 


Figure 4 shows the room r crystals 


gions, which 
Region A is one of comparatively 
à smooth transition to region B, 

The slope of B does not seem 
ontent, and remains constant 
elastic modulus for compres- | 
the other hand, increases in | 


1956). y alloying, is particularly striking (Gar 
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One must treat these results with some caution, for the stress-strain 
curves of crystals containing from 10 to 50 parts per million of Cd++ are 
particularly sensitive to heat treatment. Thus, allowing the crystals to 
stand for a month at room temperature changes their mechanical behaviour 


remarkably, in that SI23 behaves like SI24, and SI24 more like SI25. 


Conéciivity measurements indicate that the solubility limit of CdCl, 
at rcc: - temperature lies at around 10-5 (Taylor 1958), so that such changes 
are Lety to be related to a precipitation effect. ‘The general form of the 
curve: ior SI25 and SI26 does not change, but the flow stress increases 
digi: ; on standing. A careful study must be made before these effects 
are c57imentally on a sound basis. 

Fig. 4 


Room temperature stress-strain curves for crystals of varying impurity content. 


Figure 5 shows the results of repeated strain-ageing tests on crystals 
treated similarly to those of fig. 4. The measurements were taken at 
room temperature, and the ageing treatment was 4 hr at 100°c. Several 
facts of interest emerge from these curves: 

(1) The maximum ageing effect for a given crystal occurs at a strain 
corresponding to the transition from stage A to B in the work-hardening 
curve. Thus, the curve labelled SI23/A was found for a crystal of $123 
after standing for a month,when it had a stress-strain curve similar to that 
of SI24, fig. 4. This correlation between work hardening and strain 
ageing is unusual, and must be related to the dislocation structure of the 
crystal in the various regions of its stress-strain curve, as we saw in the 
previous section. A 
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(2) Additions of impurity of 1-6 x 107? are sufficient to cause a large 
ageing effect at 100°c. When SI23 has been left standing for a month, it 
gives a result shown as 8123/A. Presumably such a treatment gives rise 
to precipitation, so that S123 appears to contain a critical concentration of 
CdCl,; below this concentration the ageing effects vary rapidly with the 
amount of impurity in solution, and above it there is very little depenc =uce 
on impurity concentration. It is reasonable that for CdCl, concentrz;.:ons 
above the solubility limit, Av should remain constant for a given strain. 


Fig. 5 


's1 230) 


4 
7 as a function of pre 


5 6 


-strain for the crystals of fig. 4. 
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They do, however, show that strain ageing is related to work hardening in 
these crystals, and any theory of work hardening must throw light on them. 
A detailed study of strain ageing as it is related to precipitation and the 
stress-strain curve is beyond the terms of reference of this paper, but it is 
hat the results of the last three sections provide a background for 
¿ta results, which follow at once. 


3.4. The Effect of Testing at Low Temperatures 
ve 6 shows the results of experiments in which specimens of S126 
:e-strained ~1-5% at various temperatures, aged for $ hr at 100°c, 
It can be 


Fig. 6 


Results of straining at different temperatures. The agein 
4 hr at 100°c in each case. | 


*. 
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1959), the magnitude of Ar is raised ten-fold. There is a large amount of 
A scatter in the low-temperature tests, but the smallest increase observed in 
eight tests is still five times the value at room temperature. 

Since Ar shows a temperature dependence different from that of the f low 
stress, it must be due to a different mechanism. This is reasonable, since 
Johnston and Gilman (1959) have shown that the flow stress of an vzde- 
| formed crystal is independent of the state of pinning of dislocations ix She 
crystal. In the appendix it is shown that Ar cannot be due to a ‘cha: ed 


dislocation’ effect, for the charge cloud, dispersed as it is over severa! 


2ns 

of atomic spacings, cannot give rise to such a temperature sensitive y--id 
8 point. Precipitation hardening is out of the question. Thus, the xost 
" reasonable cause of the effect would seem to be the condensation of scme 


Figure 7 shows the results of an experiment on crystal S120, in which 
ageing times of } hr were given to the crystal at temperatures of 187°c, 


defect onto the dislocation cores. 
3.5. The Effect of Testing at Higher Temperatures (greater than 120°c) 
Fig. 7 
| 
j 
i 
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140° and 165°c. (The crystal was always tested at the ageing temperature.) 
Tt can be seen that the effect disappears at a temperature of ~170°c, 
| although jerky flow persists. This must mean that at such a temperature, 
with the strain rate applied, the atmospheres can just keep up with the 
dislocstions in the Lüders band. Thus there is no distinction between a 


erysto: "st after ageing and during the course of its deformation, and so the 
narde>’ xg disappears. The temperature for the disappearance of the effect 
s rov: y independent of impurity content. 


3.6. Kinetics of the Ageing 


Spezimens cleaved from SI14 and annealed in the usual way were given 
ageing treatments at various temperatures and for various times. It was 
decided to test the crystals at the ageing temperature, because they take 
several seconds to warm up and cool down; if the experiment had been done 
in the usual way of testing at one reference temperature, one would have had 
to correct for the warming time—a difficult thing to do. Testing at the 
ageing temperature should give good results, provided the temperature 
dependence of the yield is not strong over the range of interest—a condition 
which is fulfilled, as wehaveseeninthelastsection. The procedure adopted 
was to pre-strain the crystal approximately 43%, unload it, leaving a small 
load on to prevent any shifting, and reload. The ageing time was taken as 
the time from unloading to the time of yielding, and the increase in hardness 
| was measured as in fig. l. Usually two or three tests were done on each 
| specimen. 

The results are plotted in fig. 8. They are shown as a function of £*5, 
in aecordance with the Cottrell-Bilby (1949) equation : 


ae . 63) 


| F(t) -3(1/2) €, (a 


| 
| where F(t) is the number of solute atoms to arrive at the line in time t; 
| C, is the bulk concentration of solute; A is a measure of the elastic 
| interaction between the dislocation and the defect; D is the diffusion 
| coefficient of the defects; kT has its usual meaning. We have made here 
Í the usual assumption that the yield point increases proportionally with the 
| number of foreign ions on the dislocation line. The lines shown in fig. 8 
| were determined by a least square analysis, assuming that they pass through 
| the origin as required by equation 3.1. 

| Although the scatter is great, it can be seen that (3.1) describes the ageing 


adequately up to a value of A 2:80 g/mm?, after which Ac increases much 
more slowly to its maximum value, which is.150g/mm?. Few tests were 
done to follow the hardening closely. The failure of (3.1) when ageing is 
60% complete has been noted by workers in other materials (Thomas and 
Leak 1955, Russell 1959). 
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Fig. 8 
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From the data of fig. 8 it is possible to determine the activation energy 
for diffusion of the defect concerned. Experimentally, we find: 


Tar gs n dd La 


A — OAS, 


where a is the slope of thelinesinfig.8. Assuming proportionality between 
the vied point and the number of ions condensed on the line, (3.1) reads: 


2/3 
Ar = const. C, (7) 


JD» -— consu das Cpa. (52) 


or, eo: oaring, 


Thus s plot of log [7a320,-3?] against 1/T should be a straight line of 
siope corresponding to the activation energy of the diffusing defect. In 
these crystals, it is known that the concentration of vacancies is changing 
with temperature, according to the relation (Lidiard 1957): 


0:24 z) 


pI- p}}=120 exp ( IT (3.3) 


where C is the concentration of divalent impurity; p is the 'degree of 
association’, i.e. (1 — p)C — mol. fraction of vacancies ; pC = mol. fraction 
of complexes (vacancy and impurity). One can thus find the C, of eqn. 
(3.2) on either of two assumptions, the first being that vacancies are 
responsible for the pinning, and the second being that complexes are respon- 
sible. The following table shows the concentrations of complexes and - 
positive ion vacancies calculated from (3.3): 


Mol. fraction | Mol. fraction 
complexes | vacancies 


59 0-597 3-10x10-5 | 2-10 10-5 
79 0-520 2-70 x 10-5 2-50x10-5 
99 0:448 2-33x10-5 | 9:87x10-5 
120 0:374 1:94x10-5 | 3:26x10-5 


In fig. 9, which shows the Arrhenius plot, we have taken tl 
at 59°c as standard, and corrected for qui defect or th 
by eqn. (3.2). 

Thus the correcti 
0:597 Dx 520, a 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
730 L. M. Brown and P. L. Pratt on 


i LII, and done in a slightly 

iment was repeated on crystal 5 i 
; ES BE aos un: into details, it was found wes the ar 
i e doce adequately to 80% completion by Ea S Eu uy. * 2 - 
| tion of (3.1). The results are, in fact, similar to those reported by Botmg 


Fig. 9 
= o 14 


40 


O uncorrected 
A corrected for vacancy diffusion 


O corrected for complex diffusion 


10 


Loo (1a? 2) 


10 


26 27 28 29 3.0 


Arrhenius plot derived from the ageing kinetics of fig. 8. It is necessary to 
correct for the temperature variation of the concentration of the defects 
assumed to be diffusing to the dislocations, and the results obtained are 


shown assuming either vacancies or vacancy-impurity pairs (complexes) 
to be the important defects. 


(1959) for a-brass. The activation energies found in a manner similar to 
- that described above are 0-65 ev (vacancy correction) and 0:92 ev (complex 


orrection) with similar confidence. The difference between the activation 


energies found in the two experiments is not Statistically significant. 


$4. DISCUSSION 


be ee out at the outset that the justification for using 


he hardening is not clear. Bolling (1959) used 1 + Agr, 
ose of studying the kineti 
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So far, however, there seems to be no clear-cut physical picture or 
experimental demonstration that either a ratio measurement, such as 
Bolling’s, or a difference measurement, such as Ar or Ae, is the correct 
measure. Ifin the present work one chooses Az/r, or some similar quantity, 
then the effect decreases with increasing impurity content; for crystals 


S122, $124, 8125 and SI26 have a variation in stress level for a given strain 
by a fec557 of about 3 (fig. 4), while the magnitude of Az for these crystals is 
conste. However, since the impurity concentration in solution should 
be aio) She same in these crystals, this is not a satisfying hypothesis. 
Simi , such a measure would give little variation with testing tempera- 
tur 3). While there is no clear reason that such an interpretation is 
wre 5 will be rejected. 


Av as a measure of the effect, it can be seen that the characteristics 
:s strain ageing can be described in terms of Cottrell locking of the 
disiocations. 

It is surprising that eqn. (3.1) is obeyed as well for rock salt as it is for 
metals. A more stringent test of (3.1) can be made by plotting log Ar 
versus logt, and so obtaining the exponent; such a test gives least square 
exponents of 0-624, 0-743, 0-561 and 0-655 for the temperatures 59°c, 
79°c, 99?c and 120?c. It thus looks as if taking the exponent at 0-667 
is as reasonable a way as any of interpreting the data. The derived 
activation energies will be but slightly affected by such changes. 

The sources of error in the activation energies, over and above the quoted 
confidence limits, are two-fold: the first is error due to using the wrong 
time law, as explained above; the second is error in the concentrations 
calculated from eqn. (3.3). Experimentally, where there is no precipita- 
tion, (3.3) has been found to be quite accurate. If there is precipitation, 
the apparent activation energy for vacancies will be higher than the real 
one, and the energy for complexes will be lower. An indication that the 
error is not great is that S114 and LII, of nominally different impurity 
contents, give much the same results. 

Thus, while one should set not too much store by the energies found, 
the data are at first sight consistent with the model of Bassani and Thomson 
(1956), in which positive-ion vacancies migrate to the cores of dislocations. 
The energy for the movement of a vacancy is well known from conductivity 
studies, and is found to be ~0-8ev (see, e.g., Pratt 1957). 

It is clear, however, that any migration of positive-ion vacancies to the 
core of a dislocation necessarily charges it. Such a charge cannot be the 
equilibrium core charge, for this requires the motion of negative-ion 
vacancies over distances of approximately the charge cloud radius, and is 
essentially a high temperature effect. Nonetheless, one can visualize a 
cloud which results from the depletion of positive-ion vacancies near the 
core, counter-balanced by a (non-equilibrium) core charge. 

The difficulty with such a model is that it is hard to see why the ageing 
kinetics should be the same as for a simple elastic interaction. Bilby (1955) 
has given an argument which shows that an interaction potential which falls 
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off as 1/r from the dislocation line will give a /?? ageing law. In due mode 
described above, the interaction potential is purely elastic, and therefore 
al/r, only at time (—0; at larger times, the potential is Edurod By A 
electrostatic interaction. The time law to be expected, while difficult 
to calculate explicitly, will give an ageing slower than 8. The implic:.*ion 
of such considerations seems to be that a t? law can be accounted for only 
if the interacting defect is uncharged. 

Another difficulty with the vacancy-diffusion model is that Sp-oull 
(1960) and Amelinekx et al. (1959) have observed charged dislocatic::; in 
LiF and NaCl at room temperature. They observe this charge by ‘he 
motion of the dislocation lines: if charge is to be displaced in such ex:;-ii- 
ments, the charged defects on the line must move with the dislocations. 
This is clear experimental evidence that vacancies in the cores of dislocations 
behave as ‘jogging’ rather than ‘pinning’ defects. Here, we define a 
‘jogging’ defect as one which is equivalent to a double jog, and can glide 
(albeit with difficulty) with the dislocation ; a ‘pinning’ defect is one which 
must be left behind when the dislocation moves. 
centres are necessarily pinning defects. 

On the basis of the evidence presented here, it seems that the best model 
for strain ageing in NaCl at the temperatures used in these experiments is 
the motion of complexes to the dislocation line. W hile the activation 
energy for the motion of such a complex is unknown, it will clearly be 
greater than that of a positive-ion vacancy alone, because the ions neigh- 
bouring the vacancy must jump between two negative ions tightly bound 
to the impurity. Tt must thus overcome a higher energy barrier than when 
it jumps into an isolated vacancy. Other ion movements are involved 


in the motion of a complex; the most difficult movement will be rate 
controlling. The above are 


gument thus sets a minimum on the activation 

energy for movement. 
On the available evidence, one is for 
plausible model for strain ageing in N 


temperature is the migration of imp 
dislocation cores. 


Complexes and F- 


ced to the conclusion that the most 
acl at temperatures just above room 
urity lon-vacancy complexes to the 
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APPENDIX 


expression for the energ i 
1 y which must 
for a dislocation to break away from an xo 
U(r[v;) = 9robo, ?(1 oye 
where 7 is the breakaway stre: 


Cottrell’s (1957) 


thermally in order pplied 


atmosphere is: 


Ss at temperature 7 ; To is the breakaway 
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stress at absolute zero; 2,, is the distance from the position of stable 
equilibrium of the dislocation in zero applied stress to the position of 
unstable equilibrium (the breakaway point). 

Ata displacement v, the interaction stress ist). For thermal activation 
to be of importance at room temperature, U must be less than a few 
electron volts. 

Experimentally we know that the breakaway stress at 77°K is ten times 
room temperature; therefore at room temperature, T/To S0-1. 
ficient approximation then 

U (7|) © 9790s 2 


m 


that at 
To as 


at room temperature. Writing Gb? —5ev, where G is a shear modulus 
(G x 19? g/mm?) we have 


U = 50(a,,/b)?(T9/@). 
For U to be less than 1 ev, we have: 
To/ € S1/50(x,,/6)?. 

But experimentally we also know that zy Z«(Ar)-..,. where « is a factor 
to take account of the stress concentration at the Lüders band, and 
(Az),, can be obtained from the data of fig. 6. Simple estimates give 
«z10. Thus we have: 

To/G. Zal1000. 

Now, if «= 10, the two inequalities can be consistent only if (v/b) $4/2 ; 
if a is unity, (z,/b) S 4/(20). For a charge cloud atmosphere, v,, is very 
nearly equal to 1/x, the radius of the charge cloud (Eshelby et al. 1958). 
In erystals with CdCl, concentrations similar to SI26, precipitation 
considerably reduces the positive-ion vacancy concentration at room 
temperature. Using the conductivity data of Taylor (1958), it is possible 
to calculate the charge cloud radius; itis found that 1/e z 10b. "Thusit is 
improbable that the charge cloud mechanism can account for the observed 
temperature dependence. 


Note added in proof. —A. B. Lidiard (private communication) has 
informed the authors of recent experiments by Ikeda and Yoshida on the 
diffusion of Cd++ ions into blocks of NaCl. From their measurements 
reported at the Kyoto conference (1962) and the theory of diffusion of 
divalent ions given by Lidiard (1957), it is possible to infer that the 
activation energy of motion of a complex is approximately lev. This 
result is consistent with the results obtained above if one assumes 
complexes are responsible for the pinning. 
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ABSTRACT 


The optical constants of liquid tellurium at 500 and 600?c have been 
measured by a reflection method in the spectral range 4000 to 23 000 em-! 
(2-5 to 0-43 microns). The conductivity c(k) for wave number k is considered 


A 
as the sum of two terms, co(k) due to intra-band transitions and o,(k) due to 
inter-band transitions. The magnitudes of c; and cy are estimated by means 
of a dispersion relation. The values for oç are used to estimate the effective 
density of free carriers and the static conductivity. 


§ 1. INTRODUCTION 


THE electrical resistivity, p, and the Hall coefficient, R, of liquid tellurium 
have been measured by Epstein et al. (1957). The negative value of 
(dp[d.T) just above the melting point, and the values of R, indicate that 
liquid tellurium is a semiconductor. The similarity in the values of 
(dp|d/T) for the solid and liquid near the melting point indicates that the 
energy gap has approximately the same value in the two states. One can 
contrast the behaviour of tellurium with that of germanium. Although 
germanium has an energy gap of ~ 0-7 ev in the solid state, compared with 
0:32 ev for solid tellurium, it has metallic properties in the liquid state. 
The optical properties of liquid germanium, for example, are approximately 
those of a free electron gas formed by the valence electrons (Hodgson 1961). 
The difference in behaviour between tellurium and germanium can be 
explained by the nature of the crystal lattice bonds. In the germanium 
lattice each atom is connected to four nearest neighbours by equal bonds. 
The lattice is held together by a network of equal bonds and melts when 
thermal agitation is strong enough to break these bonds. ‘The tellurium 
lattice has atoms arranged in spiral chains with two nearest neighbours. 
The bonds within a chain are stronger than the bonds between chains. The 
melting of tellurium is governed by the breaking of the weaker bonds 
between chains. This is supported by x-ray evidence (Buschert ef al. 
1955), which shows that each atom in the liquid has two nearest neighbours 
at the same distance as in the solid. The Spiral chains persist therefore to 
some extent in the liquid but there is no information about their average 
lengths. The band structure calculations of Reitz (1957) and others 
explain the energy gap in terms of interactions of tellurium atoms within 


302 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


TC 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


736 J. N. Hodgson on the 


each chain. ‘This is consistent with the maintenance of an energy gap after | 
ET coefficient of liquid tellurium is positive Debwonn n n ng 

point (445°c) and 570°c, and negative at higher temperatures. i us SEO ; | 
that both eleetrons and holes are present as eurrent carriers. he oY e = | 
of Hall effect may be due to changes in the mobility ratio with oe | 
or the presence of multiple valence or conduction bands. A rA if 92) 
has explained a reversal iu the Hall effect of solid tellurium at 230 3 bs a 
model with two conduction bands separated by 0:36 ev. The statement of | 
Toffe and Regel (1960) that liquid tellurium is practically a liquid retal | 
above 550°c, is not supported by the Hall effect and optical data. 


T $2. ExrERIMENTAL DETAILS 


Tellurium of 99:99% purity was melted in a silica crucible under hydrogen 

| at a pressure just above atmospheric. The temperature at the base of the 
Le crucible was measured by a thermocouple. There is an uncertainty of 
| + 10?c in the quoted temperatures of liquid tellurium owing to temperature 
gradients. When the tellurium melted, a clear area formed in the middle of | 

| the surface. The reflection from this area was completely specular. The | 
i optical constants were measured by the reflection method previously l 
described (Hodgson 1959). The measurements were repeated on two | 

samples of tellurium and consistent results at a given temperature were | 

obtained. The temperature range of optical measurements was limited l 

by the evaporation of tellurium. The tellurium evaporated appreciably | 

above 300*c and the vapour was strongly absorbing in the ultra-violet. | 

For this reason, ultra-violet measurements were impossible at 600°c. | 

The spectral ranges of measurements, expressed in wave numbers, were | 

po 22000 ens at 500%, and 4000 to 16300em=* at 60090. "The | 


measured values of dielectric constant e (5 m?— R?) and conductivity o 
(—nRÍ) are represented by points in fig. 1. 


( ) The complex refractive index i 
is (n—ik) and the conductivity in ohm—!em-! ig do The probable | 
experimental errors lie within the plotted circles and triangles in fig. 1. j 


depend on the de 
relaxation tim ; ve masses and their 
valence ele r-band transitions of 


ity, and falls s 
and has 


where o¢=0p, i 
zero for. 
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consistent with c; and oy having comparable magnitudes in the infra-red, 
but oy predominating in the visible and ultra-violet. The temperature 
coefficient of o is accounted for mainly by the temperature coefficient of 
ge. The subsequent analysis is an attempt to split up the measured values 
of c into these two terms, oe and oy. 


Fig. 1 

15 
xio* 
6 
10 
5 

20+ 

€ 

10 Ls 

0 
3:6 4:0 log k 44 


Liquid tellurium. k— wave number in cm-t;  g—mhkk-conductivity , 
e—(n!— R?)—dielectric constant. Experimental points: O, 50076; 
V, 600°c. Theoretical curves: A, 500?c ; B, 600°c (see text). 


An extrapolation of the values of c beyond the measured spectrum is 
needed to find o; and oy. As wave number k—> 0 then o—- oc, and as k> 69 
then c-oy. The extrapolation of o(k) can be made with the help of the 
Kramers-Kronig dispersion relations, see Moss (1959), and the measured 
values of dielectric constant, (i). According to one dispersion relation: 


F 4 [72 k 
psi 2 aE 
(Kk) ez [rae A. E o 
The values of e(k) in the measured spectrum depend on the values of a(k) 
for all k from 0 to co. The correct extrapolation of e(k), when used in 
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| eqn. (1), must give values of e(k) in the measured spectrum which agree f 
ij with experiment. It is also reasonable to suppose that there will be no i 
H sharp peaks or edges in the o versus k curve. The disorder and thermal 
i motions in liquid tellurium will blur out any sharp transitions. The values 
; of e(k) at the low and high ends of the spectrum will be most sensitive to 
| the extrapolations towards k= 0 and k= œ, respectively. The extra ola- 
i tion towards k=0 must pass through o=o the static conductivity, 
i at k=0. Previous experiments with liquid metals suggested tha! the 
| optical value of cj might be rather less than the electrical value. 


O (ky 10 k 20x 104 
Liquid tellurium. k-wave 


Experimental points, o o=nkk= conductivity. 


number in cm- 
) , 500*c. ica 
‘ey full Gees io €. Theoretical curves : dotted oe and 


ttempt | i i 
ae E o idea of possible extrapolations, the 
OL bee tted by an analytic curve. This Gus 
entz expressions for free and bound electrons: 
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cy=0. The representation of the measured values of o by the sum of 
Lorentz formulae is shown in fig. 2; kg is the threshold value of k if the 
energy gap is 0:32ev. 

Tho validity of the extrapolations predicted by these formulae can be 
testo by a comparison of the measured values of e with those calculated 


usic Sse dispersion relation (1). The insertion of formulae (2) and (3) 
int integral of (1) leads to the well-known analytic expressions for 
ec cod ey(k), as given by Seitz (1940). The curves for e(k) in fig. 1 
rer ; the theoretical values corresponding to the curves for o(k). The 
only <;~sveciable deviation of measured e from the curve is for log k = 3:60. 
This :-5y be connected with the error in oy for k«kg. The values of 


the ps.ameters for the best fit with experimental results are given in the 
table. The limits quoted for each parameter represent the range over which 
it can be varied without spoiling the agreement with experiment. The 
parameters used for oy were kept the same for 500 and 600?c; a slight 
variation in these parameters with temperature could improve the agree- 
ment of experimental points and theoretical curves for e at 600°c. 


(i) Formula (2) 


t Ne Ne kp d ey(OPT) (ELEC) 
500 4-9 0-17 3:6 8:2 6-1 7-0 
600 6-7 0-24 4-1 8-0 7:8 8:3 

+02 +001 +02 x03 
x 1074 x 108 x 10+ x 101 


i — temperature in °c; ne — effective number of free electrons per atom ; d=mean 
free path of electrons in angstroms calculated on assumption of complete 
degeneracy; o)(OPT)=static conductivity from extrapolated optical 
constants; o (ELEC) =static electrical conductivity. 


(ii) Formula (3) 


Ny ny ky ks 
1-71 +0:3 6-0+1-0 2:0+0-2 6-6+1-0 
x 1078 x 104 x10: 


^4 2number of bound electrons per atom; k, and k, in em. 


Although formulae (2) and (3) are obviously only approximations to the 
true functions, it is doubtful whether a more sophisticated numerical 
analysis would yield better results. The agreement between theoretical 
and measured values of eis already so good that only a small improvement 
in the extrapolation of c is possible, at least towards k=0. The derived 
values of No and o(OPT) are of some interest. The true free carrier 
conductivity, oc, must include contributions from electrons and holes, 80 
Ne must be considered as a sum of electron and hole densities weighted 
according to effective mass and relaxation time. ‘The increase Of Nc 
between 500 and 600°c corresponds to an intrinsic energy gap of about 
0:4ev, in approximate agreement with the value for solid tellurium, 
0:32ev. The ratio o (OPT)/Jo(ELEOC)— 0:88 which is near enough to 
unity to support the present analysis. 
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ABSTRACT 


X-ray photographie technique with nickel filtered and crystal mono- 
chromated CuK, radiation has been used to record (110), (220), (200) and 
(400) reflections from molybdenum filings. Stokes’ method has been used to 
apply a correction for instrumental broadening. The line profiles have been 
analysed with different methods. The ratio of domain sizes in two directions, 
L(110): L(100), is approximately 0-97. The slight anisotropy in particle 
sizes and lattice strains exists even in the annealed state. While no evidence 
of faulting could be found, the composite broadening is attributed to particle 
size and lattice strains. The integrated intensities of line profiles obtained 
from cold-worked and annealed samples are found to be the same within the 
limits of experimental accuracy. 


$ 1. INTRODUCTION 


Tue broadening of x-ray diffraction line profiles due to cold-worked metals 
may be due to the presence of one or more of three factors, viz. small 
coherently diffracting domains, lattice distortion and stacking faults. 
Very recently, Wagner et al. (1962) have shown that spacing faults may also 
cause broadening and peak shift in powder diffraction lines. The separ- 
ation of the various causes of line broadening can be done either by the 
Fourier analysis of line shapes (Warren and Averbach 1952) or by using the 
Cauchy line broadening relationship discussed by Williamson and Hall 
(1953) or by an analytical study of line breadths and peak shifts as suggested 
by Anantharaman (1959). The application of Fourier analysis in isotropic 
substances is convenient. In the case of anisotropic substances, however, it 
is convenient only ifitis possible to obtain two orders of the same reflection; 
otherwise certain simplifying assumptions (Pines 1955) have to be made and 
thereby a limit is put on the amount of information obtainable with such 
an analysis. : 

In the preliminary studies on iron and molybdenum Williamson and 
Smallman (1954) found that tails on the strain distribution curves interfere 
much with the analysis. Despujols and Warren (1958), in their studies 
on molybdenum, took the tail errors into account. Due to the difficulty 
in recording (400) reflection with a Geiger counter spectrometer, the only 
multiple orders obtained by them were (110) and (220). The particle size 
and distortion effects could therefore be uniquely determined only in the 


1 
1 
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(110) direction. ‘The most probable picture of cold work envisaged by them 
is that of approximately isotropic domains and strains. The precise 
knowledge about the nature of cold work may however be obtained by 
knowing particle sizes and lattice strains in the (110) as well as in the (100) 
directions. In the present work an x-ray photographic method has been 
used to record four reflections, viz. (110), (220), (200) and (400), and particle 
sizes and lattice strains have been obtained in (110) and (100) directions. 
The diffraction profiles have been analysed by different methods. 


$2. EXPERIMENTAL 

Spectroscopically pure molybdenum rods 5mm in diameter and 15 cm. 
long were supplied by Johnson, Matthey & Co., Ltd., London. The total 
metallic impurities detected spectrographically do not exceed 100 parts per 
million. Filings from these rods were allowed to pass through a sieve o 
325 mesh perinch. The samples for a Debye-Scherrer camera were prepared 
by adding to the filings a binder of 10% Duco cement in acetone. Other 
samples were prepared by annealing the filings at 380, 650 and 1000°c for 
two hours in an electric vacuum furnace. "The temperature was measured. 
by means of a calibrated chromel-alumel thermocouple to an accuracy of 
x2?c. A small lump of molybdenum filings taken in a quartz tube was 
also annealed at 1300°c for six hours. All the samples were approximately 
0-5mm in diameter and iin: in length. A NORELCO x-ray diffraction 
unit and a Debye-Scherrer 11-46 em diameter camera were used. Nickel- 
filtered CuK, radiation, generated at 35kv, reflected from a bent quartz 
crystal, was used throughout. Gevart structurix D7 film was used and 
exposure time was six hours in each photograph. All the films were 
processed under the same conditions. Line intensity measurements were 
carried out by an Adam Hilger non-recording type and Withol recording 
type of microphotometer. An intensity scale was calibrated by suitably 
prepared standard wedges. Although all the hil spectra obtainable with 


CuK, radiation were recorded, only the systematic i 
; yst reflect 22 
(200) and (400) were investigated. ee 


$3. FOURIER ANALYSIS or LINE SHAPES 

Stokes’ (1948) method has been used for 
broadening. It has been assumed that line 
sample annealed for six hours at 1300*0arean exact measure of instr tal 
broadening. Fourier coefficients expressing the peak shapes were du m 


by means of Beevers and Lipson stri i i t 

f Strips. The particle size coefficients were 

se parated from distortion coefficients b the Warr a 1952 
m 1 y he W. arren and Averbach ( 952) 


correcting for instrumental 
shapes obtained from the 


The power distribution per unit len 
gth of a symmetrical i i 
the ease with molybdenum) from a EO IS ii reflection (as is 
given by a Fourier cosine series - any angle 20 is 


Py K()N YA, cos 2h. 
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The cosine coefficients A,, can be written as A, =A,” An”, where 
A? == Y (i—|n|)n, (particle size term) 
end A,» =(cos27l1Z,,) (distortion term). 
Fora Gaussian strain distribution 


AP =exp [— 22? (AL*)|a*], 


^ where 
and L is a distance in the crystal and is obtained by the relation L=na, 
in which @,is given by : 
2a. 
2a, , . : 4 
ae (sin 04 — sin 05) = $, 


where 6, is the Bragg angle at the point of maximum intensity and 0, is the 
point where the tail merges with the background. For a Cauchy strain 
distribution Williamson and Smallman (1954) found that 


—a?ly AL? 
AjP-ex MES di 
Z on (= ) 


| 
: where C is the strain at which Hook’s law becomes invalid. This strain has : 
| been taken as 0-2. E 
The Fourier coefficients were interpreted by plotting 1,4; versus h? 
| (for a Gaussian distribution) and /,,4 ; versus 1, (for a Cauchy distribution). 
l The intercepts of these curves give 4,” values and the slopes give strains: 
j The plots of A,? versus L gave a hook for small values of L. This hook is 
| produced because of the tailing effect and the plots shown in figs. 3 and 4 
have been corrected for this effect by the method described by Despujols 
and Warren (1958). Figures 1 and 2 show the plots of root mean square 
values of the averaged components of strains versus L. 
The intercept on the axis of abscissa of the A,” versus L plot gives the 
mean domain size as pointed out by Bertaut (1949). 
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Assuming a Cauchy relationship one can write (Williamson and Hall 1953) : 
Bcos0  2ésin@ j 1 


À Deel bo 
where £ is the strain breadth and LZ is the coherent domain size. 
Fig. 2 
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Root mean square averaged strain components as a function of the averaging 
distance for molybdenum filings assuming a Cauchy strain distribution 
(a) for (110) and (220) reflections and (b) for (200) and (400) reflections. 


Thus a plot of 8 cos @/A versus 2 sin 0[X c 


, an give strain and particle size. 
s o 
Figure 3 shows this plot. í 


§ 5. ESTIMATES OF STORED ENERGY AND Distocarton DENSITY 
The elastic stored energy is given by Stibitz (1936) 
V-2iE(e», 


as 
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where le?) is the mean square strain and F is the average value of Young's 
modulus. However, in the present investigation this equation has not ' 
been used since Faulkner (1960) has shown it to be incorrect. Faulkner 
showed that in an isotropic medium 


eee (Ae 
~ 9$(8-4y-82)V DJ ' 


where v is Poisson's ratio and (AD[D)? is the mean square strain. Fo? 

| molybdenum the values of Young's modulus, as given by Druyvestey:: 

i (1941), have been used. In molybdenum it is possible to determino 

l accurately the values of coherent domains and lattice strains due to tho 

absence of faulting. One can therefore find out contributions to the l 

!u dislocation density from particle size, i.e. pp, and from lattice strains, i.e. ps 

| as suggested by Williamson and Smallman (1956) : pp =3/L?, where Lis the r 

| MI coherent domain size, ps=k¢?/b?F, where k is a constant of the order of | 

| 12À, bis the Burgers vector and F is the strain energy factor and is taken 
as one for simplicity. The true dislocation density ptrue = (pp ps)". 


Fig. 3 
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Plots of particle size coefficients Az? versus L for cold-worked and partially 
annealed molybdenum filings assuming a Gaussian strain distribution 
(a) along (110), (220) and (b) along (200), (400) directions. 


§ 6. RESULTS AND DISCUSSIONS 


In the In A; versus 1? and In A, versus lo plots, points due to (110), (220); 
(200) and (400) reflections were not found to lie on a single smooth curve. 
The plots of fig. 3 obtained from line broadening measurements also 
confirm this observation. This showed the presence of slight anisotropy 
inmolybdenum. For this reason separate curves for (110), (220), (200) and 
(400) reflections were constructed and the various parameters have been 
determined both in (110) and (100) directions. Table 1 gives the values of 


coherent domain sizes determined at various annealing temperatures by 
different methods. 
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a .. Plots of particle size coefficients versus L for cold-worked and partially annealed 
ECT: molybdenum filings assuming a Cauchy strain distribution (a) along 
(110), (220) and (b) along (200), (400) directions. 
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size type of broadening of the x-ray reflections with effective sizes in the 
ratio (110) :(100) 2 2-83 :1. Molybdenum therefore shows no evidence 
of faulting. Faulting plays an important part in B-brass, «-iron and tanta- 
lum, as has been shown by the investigations of Guentert and Warren (1958), 


War (1958) and Schoening (1956) respectively. The slightly aniso- 
troens domains in molybdenum must be due to incoherent boundaries as 
EH igle grain boundaries. The increase of domain size with the temper- 
at * annealing is due to grain growth accompanied by the release of 
lat. > strains and stored energy. The stored energy values obtained by 
dit. 1t methods for cold-worked molybdenum filings range from 0-23 to 
23 ‘This may perhaps be due to the lack of exact correspondence be- 
tweon the actual strain distribution and functions chosen. Dislocation 


densities calculated by different methods are given in table 3. High 
annealing temperatures give lower dislocation densities. This fact is 
supported by the works of Gay et al. (1953, 1954) and Williamson and 
Smallman (1956). Dislocations seem to anneal out rapidly beyond 650°c. 
This is perhaps due to rapid grain growth in that region. However, there 
is no complete annihilation of dislocations even at 1000°c. 


Table 1 

Fourier analysis of line shapes Line breadth 

Anneal- - : 
ing tem- | Gaussian distribution| Cauchy distribution gas 

perature 
L(110) L(100) L(110) (100) L(110) | L(100) 
à | @ G) (å) A A 

30 240 250 280 285 300 310 
380 350 370 380 390 370 380 
650 500 550 520 560 530 540 
1000 710 780 790 810 850 870 


§ 7. CONCLUSIONS 


Pure diffraction line profiles have been constructed without making any 
a priori assumption about the nature of the strain distribution. The total 
broadening in each case is attributed partly to strain and partly to small 
particle size. The rapid decrease in ((e,2))!? at small L values is due to 
strains being extremely inhomogeneous. It also suggests that strains are 
larger for smaller particle sizes. With the reflections studied, a unique 
separation of particle sizes and strains has been done in (110) and (100) 
directions. This helped to obtain more precise information about the 
nature of cold work. The picture of cold work in molybdenum filings 
seems to be that of slightly anisotropic domains and strains. ‘The small 
anisotropy in particle sizes exists even in the annealed state. 


P.M. 
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The elastic stored energy obtained by x-ray methods is the energy 
contained in the coherently diffracting domains and hence is not the total 
stored energy of cold work. The value obtained in x-ray measurements 


will therefore be smaller than that obtained in calorimetric measurements. 
Titec: ner and Bever (1958) have pointed out that x-ray measurements give 
oni; “iastie stored energy which is a small fraction of total stored energy. 
The ‘tegrated intensities of high angle lines in the cold-worked as well as 
an. «stl samples remain constant. In the case of low angle reflections, 
ho. o7, a small decrease was observed which is attributed to extinctions. 
The .ctailed analysis of integrated intensities has not been presented in 
this caper. 
Table 3 
EE 
EE Analysis of line shapes iiine hoodoo 
tempera-| Gaussian distribution Cauchy distribution method 
(0)110 (P)100 (p)110 (P)100 (p)110 (P)100 


30 4-56 x10" | 3-96 x 101 | 713x104 | 4-84x 10H | 2-32x10" | 1-87 x 101 
380 2-64 x 101! | 2-32x 10. | 4-88x 10" | 3:8 x10!) 1-5 x10" | 1-14x10u 
650 1-37 x 101! | 1:04 10H | 2-19x 10H. | 1-76 x 101% 8 x 101° | 7-14 x 1010 

1000 1-09 x 1019 | 2-86 x 1019 | 6-69 1019 | 5-34 x 1019 | 2-65 x 1019 | 2-29 x 1010 
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ABSTRACT 


Results are given of tensile tests at two rates of strain, 10-1 and 0:37 per 
second on a polyerystalline high-purity iron at temperatures in the range 
200?c to —196?c. No definite effect of rate of strain on cleavage strength at 
— 196?c was detected. 

At the low rate of strain, the upper and lower yield stresses were approxi- 
mately constant in the range 20°c to 200?c, but rose sharply below 20°c. 
At the high rate of strain these stresses increased as the temperature was 
lowered below 200°c. 

Within the lower temperature range the lower yield stress at each rate of 
strain could be represented by a linear function of temperature, which 
extrapolated to a common value, viz. 91 000 Ib/in.* at 0°x. Comparing these 
results with Seeger's theory, an activation energy for slip of 0-64 ev was 
obtained. The results were also compared with Petch's relations between 
lower yield stress and grain size. Reasonable agreement was obtained 
between the average value of ky over the whole temperature range, with that 
given by Petch. 


$1. INTRODUCTION 


THE purpose of the present work was to provide information on the effect 
of rate of strain on the tensile properties of a polyerystalline high-purity 
iron over à range of temperatures. Tests at two rates of strain, covering a 
range of about 104, have been conducted to determine the extent of the 
differences in the conventional tensile properties at various temperatures, 
the effect on the transition from ductile to brittle fractures and the effect 
on the fracture strength. 

This work is of interest in the problem of brittle fracture, since rate of 
strain is one of the important variables. Further, many previous investi- 
gators have attempted an understanding of the phenomena associated 
with the plastic deformation of steel, but the influence of the rate of strain 
has not been very clear. Thus Hall (1951) and Petch and his co-workers 
(Cracknell and Petch 1955, Heslop and Petch 1956, 1957, 1958) have 
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3 shown the existence of a linear relationship between lower yield stress and 
i the inverse of the square root of grain size and have studied the influence 


of temperature on the parameters in this relationship. In order to obtain 
a deeper understanding of the suggested mechanism, it is necessary to 
determine what is the influence of rate of strain on these parameters. 
Again, as a consequence of the consideration of obstacles to slip which cen 
be thermally activated in single crystals of hexagonal and face-ce:..--d 
cubic metals, Seeger (1955) predicted a linear relationship between — 
critical shear stress and temperature over certain ranges. Such res 
have been obtained by Allen ef al. (1956) in work on single crystals of bc; 
! centred cubic iron. It was of interest, therefore, to determine the fore: of 
| temperature dependence of the lower yield stress in polycrystalline ison 
| at a low rate of strain. Further tests at the high rate of strain would 
: indicate whether or not there was a similar form of temperature dependence 
and might enable an activation energy to be obtained for the operative 
barrier to slip. 


$2. EXPERIMENTAL PROCEDURE 
2.1. Material 


The high-purity iron used in this work was made at the NPLand contained 
the following impurities : 


C 0:0034 95 by weight 


Si 0-006 ES 
Mn «0-005 5 5 
S 0-004 eroe 
Jp «0:001 5 s 

TNi 0-001 5 : 

+Cr 0-001 5 B 

{Cu 0-001 2? 2 
Al —— 0:004 "t. 
(0) 0-0006 5 E 
N 0:001 


LE M 


H < 0-000005 » 22 
T Not analysed but usually the values shown. 


BS us Ry s two "stage melting procedure which has been described 
noe D. E ns et al. (1951). The base metal in this case consisted 
n a 1e ec rolytic iron which was melted in air, first under reducin 
[ ns which a slag treatment was applied to desulphurize ie 
; oxidizing conditions to remove various oxidizable 
was subsequently deoxidized by melting in hydrogen: 
501b ingot approximately 31 in. in diameter 

meter bar which was normalized at 950°C 
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2.2. Apparatus and Procedure 


The tests were carried out at two rates of strain 0:37 sec and 10-*sec-! 


over a range of temperatures from —196°c to +200°c. The tests were 
carried outtin a constant strain-rate screw straining apparatus developed 
Fig. 1 


Constant strain rate machine (diagrammatic). 


and built at the National Engineering Laboratory, and described briefly 
below. Tests at the low rate of strain were also carried out at the National 


Physical Laboratory in a conventional hydraulic testing machine, with an 
extensometer for obtaining proof stresses. 


j 
1 
j 
| 
| 
| 
Í 
i] 
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i rejeg : A fitted with 
In the screw straining apparatus (fig. 1), the w er ieu ids 
strain gauges C, rested on a spherical seat in T miat n = a 
lower end of the weigh-bar was attached through án ae m. Eon 
a split spherical seating to the specimen EAE d = ae 
holder to which the specimen E was screwed, was = : dens P cse 
temperature chamber F. This holder was connectie is é ee e» : 
to the screwed shaft G. This V ae s UC AMA 
vas driven through a worm unit H. and a reduct [gen Qw. ET 
2x J byad.c. constent speed motor K. Thestrainrate on eee ` ; 
by altering the speed of the motor and by the use of the magnetic clutch o: 
of different reduction ratios in the gear box. 


Sa 
Fig. 2 


Se (TO EE TO E) 
t 


‘Typical oscillogram showing elongation (top trace) and load as functions 
of time. 


The load was measured using eight strain gauges, C, forming 
circuit and mounted in such a way as to compens 
variations and bending strains. The out 


through an amplifier to one pair of plates of a C.R.O. Tufnol sleeves were 
fitted in the adapter D to prevent heat loss between the weigh-bar and the 
constant temperature bath F. The overall elongation of the specimen 
was measured by recording the number of revolutions made by 
I, using a capacity type revolution counter which w: 
tance bridge and a proximity meter 
displacement were therefore obtained on the same film, and a by 
record is shown in fig. 2. 


To correct for the elastic elong 
machine, a calibration was carried out in wh 


a bridge 
ate for temperature 
put from the bridge was connected 


the coupling 
as coupled via a capaci- 
to the C.R.O. Records of load and 


pieal 
ation of the 


ich a steel bar, whose elongation 
under load was negligible, was inserted in place of the specimen. 


Preliminary checks were carried out to ensure that no temperature 
gradients existed along the length or the diameter of the specimens. The 
overall temperature variation even in the slow speed tests was not more than 
iE OS 
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$3. RESULTS 


From the records of each test, conventional-stress conventional-strain 
were obtained. Typical examples are shown in fig. 3. The 


curves 


viel! stresses, tensile strength and fracture stress were derived from these 
Fig. 3 
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CONVENTIONAL STRAIN 


Í Typical conventional stress/strain curves. 


curves and are plotted, together with elongation and reduction of area, 
in figs. 4, 5, 7, 8 and 9. The scatter seemed generally to be worse on the 
elongation and reduction of area results than on the stress results. 
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$4. YIELD STRESS 


Figures 4 and 5 show that both the upper and lower quel e 2 
approximately the same value for the two strain rates at 200 T and — 2 so 
With decrease in temperature, both curves show an Increase in + s 
although the low strain rate curve is constant down to room temperature. 


o 3 
"al č — e! 
The maximum differences at the two rates of strain occur at —10°C a 


i ^ ively. The flattening 
—50°c for the upper and lower yield stresses respectively. g 
i from the observed sudden 


of the high strain rate curves at — 130?c is, | BEA 
drops in load, almost certainly caused by twinning (see also Deronja anc 
Gensamer (1959), Hahn et al. (1959) and Owen et al. (1958)). 


i m 
M Fig. 4 
oe + NEL. HIGH STRAIN RATE O 37 sec 2 
ot 
o NEL. LOW STRAIN RATE O-OOOO37 sec 
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Effect of temperature on the upper yield stress at two strain rates. 


ause of inhomogeneities in material and testing, it is not 
mature local yielding and hence obtain the true 
e observed values would, therefore, appear to 
f the first dislocation loop, but the break-out 

e specimen to form a Lüders band. The 
?rocess occurring at a lower stress 
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Whatever the precise mechanism, the experimental upper yield does 
conform to a thermally activated process described by the relation : 


5 WG 
éexp ( ) = constant: = I) 

ki 
where é is the rate of strain, u is the activation energy after allowing for the 
co.Scibution of the applied stress, o; k is Boltzmann’s constant and T' is 
tic absolute temperature. By determining from fig. 4, for each value of 

Fig. 5 
ioor + NEL HIGH STRAIN RATE 0-37 sec! 
© NEL LOW STRAIN RATE 0.000097 sec! 
NE.L. HIGH STRAIN RATE 
MEAN 
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N.P L. LOW STRAIN RATE 


VALUES 


o 
o 
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a 
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a 
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^ 
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M» 
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—— 
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—273 —200 -100 
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Effect of temperature on the lower yield stress at two strain rates. 


upper yield stress, the corresponding values of temperature (T, and 73) 
for the low (é,) and high (65) strain rate, the energy, u, required to activate 
the process may be readily obtained as a function of stress by using eqn. (1) 


to obtain: 
= k €» 2 
moe 6 a E 5 a ss (2) 


T, T, 


The results are shown (curve B) in fig. 6, where the upper yield stress is 
expressed as a ratio of the extrapolated value at 0°x. Curve A represents 
the result of the same calculation on the conventional upper yield stress of 
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steel obtained by McAdam and Mebs (1943), carried out by Cottrell and 
eo Bilby (1949). It is of interest to note that despite the fact that these are 
two independentinvestigations using different apparatus, there is reasonable 
agreement for the activation energy. 


Fig. 6 


A- COTTRELL and BILBY (Curve 4), 
B- PRESENT RESULTS. 
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| where Uy is the activation energy for slip in the absence of stress, v is the 

\ ‘activation volume’ and C is a constant. 

| Above To the dislocation cutting is entirely activated by thermal energy 
and the shear stress is determined by rę, due to the long-range elastic 
iv£ovsetions with other dislocations. Later Schoeck and Seeger (1959) 

“ted this to include 7, the stress arising from the Snoek ordering effect 


ct ;sterstitial carbon and nitrogen atoms around the dislocation. Below 
| 7., “a2 thermal energy must be supplemented by a contribution from the 
| aed stress. From eqn. (3) it follows that the flow stress varies linearly 
| v5. temperatures below 7', but is only dependent on temperature above 


| i’, to the small extent that the shear modulus changes. For two similar 
echanisms the dependence should consist of three straight lines as shown 
in fig. 10. 


"o 


Fig. 7 
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The method of least squares was used to obtain the linear temperature 
dependence (fig. 5) for the low strain rate below —30°c and for the high 
strain rate below 80°c, omitting the results at — 196° because of twinning. 
Extrapolation of both lines to absolute zero gave, within 1%, the same value 
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of lower yield stress of 91000 1b/in?. From the ratio of the slopes of these 
lines a value of C=8-61 x 10-5 was obtained and then using — 30?c and 
+80°c as the values of T, activation energies of 0:62 and 0:66ev for the 
low and high strain rates respectively were obtained, giving an average 
value of 0-64ev. Calculation of the activation volume v yields results of 
3.0 and 1:0 x 10-22 em? for the high and low rate of strain respectively, 
giving an average value of 2-0 x 107? em?, i.e. a value of v/b? of about 15. 
Unlike Conrad (1961) we assume in this calculation that the activation 
volume is independent of stress, although we agree there might be some 
dependence, probably small. 


Fig. 8 
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Elongation and reduction of arca as functions of temperature. 


— 0-76 respectively. This implies that the ky in the Hall-Petch relation 
(eqn. (4) below) is either independent of temperature or varies linearly with 
it. The evidence on this point is conflicting. Hull and Mogford (1958) 
found that ky increases linearly with decreasing temperature in the range 
20° to —196°c for an En2 steel (0-15% C). Petch (1958) states that by 
is almost constant down to — 150?c and then increases more rapidly for an 
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En2 steel. De Kazinczy el al. (1959) maintain that by is independent of 
temperature down to —180°c for a 0-15% C, 1:2% Mn steel. 

The validity of the particular mechanism suggested by Seeger is not 
established by the linear temperature dependence found above and it is, 
in fact, in some doubt. Petch (1961, private communication) remarks 
that the theory gives too low a dislocation density to account for the high 
yield stress at — 196?c, and that it does not explain why the flow stress, 
after some plastic strain, which should produce a large amount of dislocat ca 
intersections, does not show the same temperature dependence as the y.2:4 
point. Further, Stein and Low (1960) concluded that, because of ins: - 
ficient intersections, Seeger’s theory could not account for the temperate 
effects observed in their experiments on dislocation velocity and on tho 
yield stresses in bending and tension. 


Fig. 10 
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comparison was made between the present results for the lower yield 
stress at the low rate of strain with Petch’s results making allowance 
for the different materials used in the two investigations. The appro- 
priate value was used for cox, and a correction made for the 0-51% 
ese in the steel used by Petch. The appropriate value of ciattice 
temperature was obtained from Petch’s results. Then using the 
ze of the pure iron, the value of ky was obtained from eqn. (4). 
5 this is not the best method of obtaining ky, it is the only method 
ble in the absence of data on pure iron of various grain sizes. The 
s of this calculation show that there is reasonable agreement between 
rerage value of k, (50001bin.?mm!?) calculated over the whole 
temperature range from the present data compared with 4500 Ib in.-? mm? 
for Petch’s results. 

Petch (1961) has suggested that o,,,,,1s due to the Peierls-Nabarro 
force in iron. This is supported from work on the mechanical properties 
ofirons, steels and niobium by Conrad and Schoeck (1960), by Conrad (1960) 
and by Mincher and Sheely (1961). The same conclusion was reached from 
studies of the dislocation velocity in LiF and FeSi by Gilman (1960), 
by Johnston and Gilman (1959) and by Stein and Low (1960). However, 
Johnson (1961) considers that the Peierls-Nabarro force does not contribute 
significantly to the yield stress of molybdenum and niobium, whilst Louat 
(1960) concludes that the most plausible hypothesis is a stress-induced 
narrowing of dislocations in a pile-up which modifies the Peierls-Nabarro 
force. 

Comparison of the present results with others on an iron having similar 
carbon and nitrogen contents at a low rate of strain (about 10-4 per second) 
shows that there is some variation in the properties of different samples of 
iron. This may be seen from fig. 10 where average values of half the lower 
yield stress of the present iron at various temperatures are plotted along 
with the critical shear stresses on the relevant slip planes for two sets of 
single crystals taken from the results of Allen et al. (1956), and of Edmondson 
(1961). This figure does not substantiate the conclusion drawn by Conrad 
(1960) from a comparison of the results of various workers that the presence 
of both grain boundaries and interstitial impurities is required to give the 
very strong temperature dependence of the yield stress usually associated 
with body-centred cubic metals. Rather does it indicate that a factor 
other than carbon and nitrogen and grain boundaries can be important in 
causing variations in the temperature dependence of the lower yield stress 
or critical shear stress. The most significant differences between the curves 
in fig. 10 occur in the values of the critical shear stress obtained by extra- 
polation to absolute zero, which, in terms of Seeger’s eqn. (3) reflect sub- 
stantial differences in U,/v, which, in turn, may well be caused by changes 
in type of obstacle. This seems likely, particularly in view of the fact that 
the critical shear stresses at low temperatures of Edmondson’s single crystals 
are larger than half the yield stress of the polycrystalline iron used in this 
work. The differences in 7, (more strictly 4 +75 according to Schoeck 


P.M. 
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and Seeger (1959)) are also indicative of differences in the dislocated state 
of the metal since the carbon and nitrogen contents were similar. It is 
clearly essential to investigate the variety of obstacles to slip that can 
n occur in different samples of iron before a full understanding of the effect 
| of temperature on the plastic properties can be achieved. 


§ 5. TENSILE AND FRACTURE STRENGTHS 


The results for the tensile and the engineering fracture strengths (tensis 
load[original cross-sectional area) at different temperatures and at the 6 - 
vates of strain are shown in figs.7and8. It may be seen that at both rates - 
strain, the tensile strength increases sharply at sub-zero temperatures ©: d, 
except at — 196°C, it is generally higher at the higher strain rate. Un 
the behaviour of the yield stresses, the tensile and fracture strengths show 
small increases at the higher temperatures. Since the iron contains sufficient 
carbon and nitrogen, the increases are probably due to a certain amount of 
strain ageing occurring during the test. Because of the shorter time dura- 
tion of the high rate of strain tests, at a given temperature, it would be 
expected that the effect would be more noticeable and larger for the low 

strain rate and that the temperature at which the increase becomes apparent 
would be higher for the high strain rate. 

The results of figs. 7 and 8 are in agreement with these expectations and 
between 100 and 200°C the tensile strength at the low strain rate was higher 
than that at the high strain rate. - The results are in good agreement with 
those for mild steel and iron obtained by Nadai and Manjoine (1941) and 
by Manjoine (1944) who obtained a cross-over of the tensile strength 
curves at about 60°c and 20°c respectively. 
hae PAL oe resnlte pm in fig. 8 that increasing the rate of 
show a small reduction with es 3 Taen A i oe coe actually 
e cU eR easing rate of strain but the difference for 

rain is hardly significant. 


$6. Ductimiry 


The results for the elongation and the reduction i 
l uction in area at fract R 
shown at different temperatures for both rates of strain in fig. 9 p 


be seen that whilst there is not much difference in the results for the reduc- 


tions in area at the two rates of strain, the elongation results do differ 


markedly and show a maximum which is at a hi 

high rate of strain. It is known that as the [o c T E the 

the elongation normally falls at an eaxlier stage than the reducti s lowered 

This effect wasnot marked at the low rate of strain but was quite ion in area. 

at the high rate of strain as observed in fig. 9. This effect x Wo ae 

by the earlier onset of necking as the test temperature is um ne 
1 seen, particular] ni he su ero temperature range, from fig x E ae pe 
igh rate of strain is lower than that d the i 
JANEE 18 m probably due to the earlier onset 
0: er ons: 
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The reduction of area at both rates of strain was very high at tempera- 
tures down to —130°c. The fractures obtained in tests down to — 75?c 
were entirely shear type. The high rate of strain results showed a tran- 
sition 55 — 130?c and the specimens tested at this temperature showed both 
and shear types of fracture. There is insufficient evidence at the 
‘te of strain to establish the effect of rate of strain on the transition 
temperature. 

Co%‘tzell (1959), in discussing the effect of rate of strain € on the transition 
corature Te in unnotched specimens, predicted a relation which can be 
expressed as: 


p 
S e NL S o G 
7 nét (5) 


where k is Boltzmann's constant, u is the activation energy to unpin a 
dislocation under an applied shear stress c in its glide system and hence is a 
function of shear stress. C is a constant. By plotting 1/7’, against e, 
many investigators such as Wittman and Stepanov (1939), MacGregor and 
Grossman (1952), Magnusson and Baldwin (1957) have found their results 
to be on the predicted straight line. Magnusson and Baldwin plotted the 
results of many investigators and found that the lines for the different 
metals extrapolated towards a roughly common value of ¿= 101? min-1 
at 1/Te=0. 
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ABSTRACT 


Hirsch et al. (1960) have developed a kinematical theory for the diffraction 
contrast of the electron microscope image of a perfect screw dislocation 
parallel to the surface of the crystal foil. The present author (Gevers 

i 1962 a, b) has extended their theory for a perfect dislocation of mixed type 
| with slip plane parallel to the surface. In this paper the theory is applied to a 
partial serew dislocation parallel to the surface. 

Numerical calculations have been performed for n= +4, +%, +$, +$, +3, 
+$, where n=g . b (g: diffraction vector, b: Burgers vector). 

| It is found that for ]|»]21i the line contrast is unimportant, probably 

| negligible, that for |n| 2 3 an observable line image superposed on the stacking- 

| fault contrast should be present, and that for larger values of |n| the line 
contrast becomes much more important than the stacking-fault contrast. 


$1. INTRODUCTION 

Hirsch ef al. (1960) have developed the kinematical theory of the dark 
field electron diffraction contrast image of a serew dislocation parallel to 
the surface of the crystal foil. The present author (Gevers 19622, b) has 
| applied the principles of this theory to an arbitrary perfect dislocation 
| with slip plane parallel to the surface. 

| In the present paper we discuss the general case of a screw dislocation 
| parallel to the crystal surface. Special attention will be drawn to the 
partial screw dislocation, which has not been considered as yet (the plane 
of the associated stacking fault is assumed to be parallel to the foil surface). 


$2. CALCULATION OF THE AMPLITUDE À, OF THE DIFFRACTED WAVE 
2.1. Introduction i 
Let the screw have the direction Oy, Oz be normal to the foil surface and 
the Oxy plane be parallel to the surface. K, and K,=K,)+g+s (gs: 
diffraction vector), define the directions of the incident and diffracted i 
beams (see fig. 1). For partial dislocations the lower right part of the s 
crystal (2«0, x>0) is displaced with respect to the upper right part 


| (220,220). The displacement u(r) of a unit cell from its normal position 
| ris given by (Read 1953) 


u- Gb, Oxarctele). -Cmt 
The significance of z, v, r, 0, r (b: Burgers vector) is obvious from fig. 1. 
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t.) the amplitude of the diffracted wave at 
a point x of the back surface can be calculated in the kinematical approach 
by considering the interference of the waves scattered in all unit cells of a 
narrow column normal to the surface (x: constant, —2, <? < 22): 


Following Hirsch et al. (loc. ci 


Fig. 1 


Diagram illustrating the meaning of the parameters x, z and 0 


iue s lattice planes are defined by the reciprocal lattice point 
e d ud ue e length s) is normal to the crystal surface and | 
i the reflection sphere. The amplitude is then given | 


A -zf : 
NE E epee nd) ae, A ieee (2) 


n=2m=g.b; ; 
g Se Ie (3) 
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(ii) for a partial screw dislocation the integrals appearing in (2) cannot 
be calculated with the aid of the methods introduced by Hirsch ef al. 
(loc. cit.) for n integer. 


By pesting 
B-?ms|v|, (B*—2msx) Vr e ees (aD) 
and i aking the substitution 
zle Eoee E ee rere (en) 
one oz52ins: 


for = column intersecting the fault plane (v > 0): 


A, = (i[2st,) [(exp i277) F,,*(u, B) + F p(t, B) - - (5a) 
where 


F(t B)- "fado; fy=(1-+in/t—inynexp (ipo); (6B, 0) 
0 
for a column not intersecting the fault plane (x « 0): 
exp (—izn)A,O = (i[2st)F,*(u,, B) + E, (ws B). . . (5d) 


The two terms correspond to the two parts (z < 0 and z > 0) of the column. 


2.2. Calculation of F,, 


Making use of contour integrals in the complex plane, it is possible to 
find rapidly converging series for E,. The full account of the mathe- 
matical development being lengthy, we shall present in this section only 
the results of these calculations. 


One finds 
F, (uw, B) =0, + R,,(8), e info, Rae Sree e (6 a) 
where 
u+io T 
o= -f f,dvz —iexp(2wsz--maretgw). . . (6b) 
aL 
(if w is sufficiently large) and 
R,—X, -riY,, e we o € 5 6 (GO) 
X,=—$,8innn/2; Y,=$,+¢,cosnm/2.  . . (6d,e) 


For sufficiently large 8 values, one has for X, the following asymptotic 
series : 


X= (n/P(—m)]t2) exp 78) {1+ S C- taB (— Ye R8), 


(7a) 
a, — m[(m t Y)(m- 2) .. . (m k— Yyp(m + k)[kc!, (75) 
|£,| « 1 provided r> —qm. (7c) 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


772 R. Gevers on 


For smaller values of B, X, can be calculated with the aid of 


áo - 0 [1 32,080 | evi om expe i X7 re Ger |: 


(8a) 
e, - (1—m)y2—m). .(r— m)[r Xr 4- 1)! (r» 0), Sos evo (80) 
bu EI» —(— 1yem(2r -0fr(r-1) (0295. + - (86) 


b,21—m-4m —ng+(- pte ne 


(cet DEN = 
is Ey "Un 4sin? mkq) cos mnk — m ( — 2 sin nish 
kel 


(for 0<m<l1). . ($4) 
(m= pla; Ke 1)/2] denotes the largest integer contained in (g — 1)/2 
nb ^9 = (n 4- 2), (rw mE s (89) 


When f has values for which expression (6a) cannot be used, this series 
mostly converges very rapidly. 
The following useful recurrence relations can also be derived: 


o BY 5 4 Bla | 
= (+ DET non (92) 
28 i 

Patha = -2 (14 =) dy, o o Q0 | 

Y, can then be calculated with the aid of the following series for y, : | 
o (s | 

- 92» Me Mee resets teers? es, (da) | 
As neh 0 BONO OI ERN D | 


(ee OFLE) dy E - (100) | 


1g/2—1] 
aen E ei PT) nente nans e) 


k-0 


a -i 
ronne EEAS iuum 


(10e) 
the series Ta a) is rapidly converging. 
1 be used for the calculation 
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The following useful recurrence relations can also be provéd: 


28d 2 
bic - (14+ Dae ES E, 2 ia) 
baotha -2 (1 B) F Bo « (8) 


‘The enumerated formulae are deduced supposing 820 (or s>0). The 
is are easily extended for B < 0 (or s < 0), if one remarks that from (2) 
15 follows in a straightforward way: 


A,(—8)— — [A_,(s)]*, I,(—s)=I_,(s) 0 (13a, b) 


(z represents the intensity |A[?). 


2.3. Calculation of An 
From (5) and (6) it follows: 
A, = [?(exp tzn)/st, [0,8 + S,], . . . (14a) 


where the oscillating term O, and the steady term S,, are given by 


O,(? —sin E c 29)— n (= — <4) ] 


a2 


xexpi| mite.) tnar ; (146) 
rome) 
0,0=sin [ enm =n] 
x exp? LS =n] ; (146) 
es S, (0 — X, cos mn + Y , sinam (= — Xp tJ, sinam), (14d) 
RN S, O-X.,. (14 e 


Close to the dislocation, in the region where the contrast is most important, 
6, and 6, are very approximately equal to 7/2. 


$3. THE AMPLITUDE-PHASE DIAGRAM 


Hirsch et al. (loc. cit.) have introduced the elegant and useful notion of 
the amplitude-phase diagram. These diagrams are the loci of the end- 
points of the vectors 


ES | expi(2nsz+n0)dz=F,/2ns, . . - (16) 
0 
representing the amplitudes of the waves scattered by the upper part 


(22.0) of the column of distance z(8— 275|v|) from the dislocation line (z 
varying from zero to infinity). : 
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The length measured along the curve is equal to the depth z. For 
increasing z the corresponding point of the diagram tends asymptotically 
to the so-called final circle with radius 1/27s. The position of the centre of 
this circle depends on B, i.e. on the distance from the dislocation. It will 


be assumed that z is sufficiently large to assure that the corresponding 


point of the diagram is very close to the final circle. 
One has 


zZ Z 
i f cos a dz, a= | sinadz (a=27sz+9, 8 — arcte (z] ||); 
0 0 


and hence 
dst=dé2+dy?=d2 or s-z, 


dy qu, Po itge l de 
deo de db costadz 
For the curvature radius p(w=2/|x|), one has then: 
i 1p=2rs{1 + [nB + -> o. -> (16a) 
| | 1/p(w=0)=1]py=2ms[1+(n/B)], . . . . (160) 
y: l[p( co) =1/p,, = 278. Rc ERI) 


n The last expression shows that the diagram ends in a circle, radius 1/27s 
ii and that the deviation of a point from this circle is negligible for z values 
f] satisfying 
1 n[B(1+u?) <1. eee LT) 
M The relation (17) is also the condition for the validity of the equality (65) 
Moreover, it can be deduced from formulae (16) that p tends to its ilice 
1/278, and has larger (smaller) values than this limit if ng « 0(nB > 0) 
For nB>0, the curvature decreases rapidly from its initial value to its 
final value; the convexity remains the same in all points. The diagram 
isa wound-up spiral. On the other hand, for nf < 0, the dota cur i 
lp (< Lpa) increases to its final value. The diagram is now a un 
d E rum ee ie 1, po has the sign of —s while p,, has 
| : ns tha i 
may change its sign if w (or z) eee icd eee 
a M tom (62,0) that the centre of the final indio is defined 
R,/27ss. This vector depends on f, but not on Cee 
called the steady f ; i 
distance of the di 
of the dark fie 


4$ r 


, 
! 
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The locus of R, — X, --;Y,, the centre of the final circle (if 1/27|s| is 
chosen as a unit), for B* (— 275v) varying from — oo to + oo can be con- 
structed with the aid of the formulae given in this paper. 


$4. Tuz LINE PROFILE or THE Dark FIELD IMAGE 
4.1. Perfect Dislocation 
case of a perfect dislocation, i.e. n is an integer, will be discussed 


12 amplitude F (Uo, B)/sty of the wave scattered by the upper part 


(C <4 Z) of the column is represented by a point of the phase vector 
Cin'ra:m discussed in $3. The amplitude of the wave scattered by the 
lows? part of the column (—z,<z<0), is F,,*(w;, B)/stg. As a consequence 


this wave ean be represented by a point of ‘the diagram obtained from the 
first by reflection with respect to the imaginary oss. The vector joining 
both points is then the amplitude A,, of the wave scattered by the whole 
column (Hirsch ef al. 1960). 

This amplitude can be represented as a sum of two parts: the oscillating 
parts; the steady part, represented by the vector joining the centres of 
the initial (2« 0) and the final (z>0) circles. The steady part S, is a 
good measure of the line profile and yields the information about peak 
position, peak height, width and asymmetry of the intensity profile 
(Hirsch et al. 1960). 

If the oscillating part is neglected, as proposed by Hirsch ef al. (loc. cit.), 
the profile is given by 

JS = X | (stg)? E S n. 7^ (18) 
If n is an even integer, formula (7) is more than an asymptotic series, the 
latter reduces to a polynome. One has, if m > 0, 
Poe. .. (uu) 
and 


X. 2m = 278 (exp — B) 
(AE E „m(m-= 1) (m—r-F1 um 
derit à cate eL essa 
Hirsch ef al. (loc. cit.) ms proved that 
Xim pK t K) = 0 M) 
(Ko Kı: modified Bessel function of order 0 and 1). 
The expressions for X, for any other odd value of n can then be derived! 


easily with the aid of the recurrence relations (9a, b). 
Following (7a, b, c), X,, is given for larger values of B by 


[2m/T'(—m/2)](28) "^ exp — B 


with a relative error smaller than 


(n/2)[(n/2) + 1/28. 


(38)-"P exp —B 


The factor 
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expresses clearly the asymmetrical character of the image profile. For 


n<0, X, tends to zero more slowly than for 2 0 if B increases. Since 


interchanging both sides of the line is analytically expressed by the sub- 
ll die away more slowly 


stitution n> —n it is obvious that the profile wi l 
at the one side of the dislocation, the contrast side (defined by np* « 0), 
than at the other side. Moreover, it is clear that this effect is more pro- 
nounced for larger n. l 

Suppose n<0. If we cut off the series (74) at "y [—n/2] (largest 
integer contained in —n|2), one obtains 


X e [aE nDNA P + Ale) 


4 


where P, is a polynome of degree ro- . 
The error introduced by using (21 4) is estimated by 


lel < [a /E(—n/2)] (exp —B)a,,1/(28), + + (PL) 


where y=1—(—n/2+7%)>0, G11 IS given by (75). This error is 
negligible for sufficiently large values of B. 

The curve plotted with the aid of (21a) starts from 0, for B — 0, reaches 
for increasing f one or more extrema and tends to zero if B tends to infinity. 
If this curve is compared to the exact one, it can be expected that the two 
curves will coincide for sufficiently large £, but will disagree for small B. 
In particular the exact curve does not tend to zero for B — 0 but to — sin na{2. 
The curve plotted with the aid of (21a) shows in a satisfactory way the 
width and the general trend of the exact curve, and yields even a fairly 
good estimate of the peak position and of the peak heights, especially for 
the extrema occurring for higher values of B. 

Let us examine this in somewhat more detail. 


(1) n=-1 
One has X. ,—B(K,-- K,), X ^ (228) exp — B, relative error < 1/(8) : 
Niasin Approximative curve Exact curve 
R Pm = 0:5 Bn = 0:3 
X (Bm) (m/e)? = 1-075 1:33 
Relative error i 


The error being positive, the approximate curve must lie under the 
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for B>3/4. For B=3/4, |e| « 0-05 and this error becomes much smaller 
for larger values of B. For 8 « 3/4, X_, could be calculated with the aid 
of formulae (8). The series, for the B interval involved, is rapidly con- 
verging. 

(2) n2 41 

If (20) is substituted into (194) (for n= — 1) and if the relations 

(d]dB)K,— —K,, (d]dB)BK, — — BK, 
‘Watson 1922) are taken into account, one obtains 
ACTUS s s 55e e (28) 
in accordance with the result of Hirsch ef al. (loc. cit). 

X 4, which is rapidly tending to negligible values, may be calculated with 
the aid of the series (Sa). For the values of B of interest, this series is 
rapidly converging. 

(3) n2 —3 

From (95) it follows that 
AUS 2(1 — 28)X_, — X, or if (20) and (23) are introduced in this relation 

X —B[4B—3)K E 40 =) S ERE ERES) 
in accordance with the result obtained by Hirsch et al. (loc. cit.. Iff 
increases from zero to infinity, X 3 decreases first from — 1 to a minimum, 
increases next to a (positive) maximum and tends then to zero. This 
variation gives rise to two images, from which the second, corresponding 


to the larger maximum, is the most important, possibly the only one 
observable. The asymptotic expression for X_, becomes 


X as 22 (IB? (exp — B) ( $ a) 


88 
= (2n8)"" (exp —B)(48—3), . . . = = (250) 
|e] < 22? (28)3? (exp — B) iux z 155055) 


This expression has 
a maximum for B=(15+4/177)/16 = 1-77, 
a minimum for B— (15— 4/177)/16 = 0-11. 


For m= 1-77 the asymptotic expression (25a) gives a value for Xs with 
a relative error smaller than 1%. We can conclude, and this without any 
further numerical calculations, that the image centre will be at the 
distance x, given by 2z5:— 1-77 from the dislocation. The curve plotted 
with the aid of the approximation (25a) coincides, if a relative error of at 
most a few per cent is considered as not important, with the exact curve in 
the region where the contrast is most important, say B>1. A still better 
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fit can be achieved, even for lower values of B, if more terms are used for 
the asymptotic expression. 
So one has, for B» 0-75: 


3 
X 2e GB (exp -D 1 258 - sr Gg SCARF)” 


For the error e(e» 0) one has now: 
45 1 
lel < spas GAY 
Tt is easily checked that for 8—0-75 the relative error is less than 195. 
For increasing f this relative error will become rapidly much smaller. 
Obviously, the approximation is very good (for the maximum f,,— 1:77 
the relative error is a few times 10-5). 

For the less important interval (0; 0-75) of B, X. ; could be calculated 
with the aid of the series (8a) (rapidly converging in the interval under 
consideration). 

(4) n=3 

From (90) follows that 

X,= —2(1+28)X,-X_, 
or, if (20) or (23) is introduced, 
X,=f[—(48+3)K,+ (484+ 1),], ce ue (27) 
in accordance with the result obtained by Hirsch ef al. (loc. cit.). 


2413 (289? (exp — ). Su ee (260) 


4.2. Partial Dislocations 


Formula (5a) for A,“ indicates that the amplitude at the stacking- 
fault side can be constructed with the aid of the amplitude-phase diagram 
provided its second part is first rotated over an angle 27n. This rotation 
expresses, as for the case of a perfect crystal (Whelan 1959, Hirsch et al. 
1960), the presence of a stacking fault. 

For A, i.e. for the amplitude of the wave scattered by columns not 
intersecting the stacking fault, the same formulae apply as for perfect 


dislocations and as a consequence the same ampli i 
tud 
eee plitude-phase diagram 


For n integer, the steady part of the ampli i 
; plitude tends rapidly to zero, 
ie. as [v]. T(—n[2) (38)-w* (exp —8) (see (7) and (14)). Tfn is fractional 
the situation is different for the stacking-fault side; the steady part S 
n 


tends now much slower to its limiti i i 
s 1 cl rer te ing value, sin mn, namely as 
explicitly, as [1— (n/8)]sinzn (see (14) and (11 a)). Po 
Two different situations can 


Ne ae ne ee 
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Loci of the centres of the final circle (solid line) and the initial circle (broken 
line) of the amplitude-phase diagrams (R,=X,,+7Y,, if 1/2z|s| is 
chosen as a unit). The values of £* (— 2752) are marked. (on the locus). 
The stacking fault corresponds to x>0 (x: distance from the dislocation). 

(a) and (b): n=1/3, or n= —1/3 if p* — — p*; 
(c) and (d): n=2/3, or n= —2/3 if g* — — p*. 


Fig. 3 


Loci of the centres of the final circle (solid line) and the initial circle (broken 
line) of the amplitude-phase diagrams (R,,— X „ +iY nif 1f2m|s| is chosen 
as a unit). The values of 6+ (=27sx) are marked (on the locus). The 
stacking fault corresponds to «>0 (v: distance from the dislocation). 

(a) and (b): n=4/3 A 
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r — for n< 0) of 
Figures 5 and 6 give the steady pard S: : + 2 2 = p: ea cda 
" SEN 2. 44 n= £5, ti, t$. 
the amplitudes for n= +4, +$; +3 an t$ a 
are RG Gs 0, those for s<0 are obtained from these by the interchange 


ees Fig. 4 


Loci of the centres of the final circle (solid line) and the initial circle (broken 
line) of the amplitude-phase diagrams (R,,=X,, --iY , if 1/2m|s| is chosen 
as a unit). The values of £* (=27sz) are marked (on the locus). The 
stacking fault corresponds to x>0 (x: distance from the dislocation) 


Gand (9) a ci > nit cm. 


We will proceed now to a short discussion of some aspects of the plotted 
curves. 
(1) m= £$ 


The curves (a) and (b) of fig. 2 show that |R 
from one, whatever the value of B. So, 
contrast t 


+1/3| does not deviate much 


E Le. sin e s > 0, fault side and contrast side coincide. 
sid i? increases first with v, reaches a maximum 
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value 4/3/2 is small as compared to one. Moreover, |S. ,4?| tends very 
slowly to this limit. As a consequence, it seems very questionable 
whether this line contrast is important enough to be observable. If not, 
and it seems reasonable to accept this, the only effect of the line is to make 
that the dark field image intensity varies continuously when passing from 
che left to the right of the dislocation. 


Curves showing the steady part +S, (+ for n Z0) of the amplitude A of the _ 
diffracted wave. f-—2ss|v|.v: distance from the dislocation. The 
right part of the figure corresponds to the stacking-fault side. The 
curves are plotted for s>0; those for s<0 are obtained by changing 
Nn > —mn. 

(a) n= —1/3; (b) n=1/3; (c) n=-— 2/3; (d) n=2/3; (e) n= —4/3; 
(f) n=4/3. 

For n= +4, ie. stacking fault and contrast are at opposite sides of the 
dislocation, the line contrast maximum should be at the left side (x « 0). 
In fact fig. 5(b) reveals such a maximum. It is, however, so poorly 
pronounced that it can be overlooked without any danger. One might 
state definitely that, for n — 1, the intensity changes monotonically when 
passing the dislocation line. 

(2) n= £4 

The curves (c) and (d) of fig. 2 show that the variation of |R|, is more 


important for |n|= than for |n|=4. This means that, in addition to the 
stacking-fault contrast, a line contrast will be present. 


P.M. 3F 
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To examine if this is really so, the more explicit curves (c) and (d) of fig. 5 
should be considered. 

For n= —% the maximum of |S_,)| lies, as should be, at the contrast 
side v>0. Its value is now such that unambiguously a line contrast 
should be present. This image will be revealed as superposed on the 
| stacking fault contrast. The asymmetry is strongly pronounced: the 
intensity drops abruptly to its normal value at one side, and much more 
slowly at the other side. 


: joies oeae Ey part +S, (+ for n Z 0) of the amplitude A of the 
E o jt pace distance from the dislocation. The 
Eu d f e figure corresponds to the stacking-fault side. Th 
= BIA e plotted for s>0; these for s<0 are obtained by angie 


0) n=5/3; (c) n- —1/3; (d) n=7/3; (e) n —8)3; 


curs for x <0. It is the maximum of X 


ci -9i3* 


ENES-————— ree E aO o TUERI 
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At the stacking-fault side (a > 0), $54 goes first through a minimum before 
tending slowly and monotonically to its final value 4/3/2. The com- 
bination of the maximum of S, and the minimum of S,‘ should give 
rise to an observable line image. 
0) pz 
‘“he case [n| 2 3 might be considered as the extreme one for which the 
Xing-fault contrast is more important than the line contrast, to such 
tent that the latter can be neglected. The same will probably apply 
: still smaller values of |n]. 

» |n|=% the line contrast is relatively more important, and can no 
ic^ser be overlooked. The maximum of the line contrast is noticeably 
lc. ov than the stacking-fault contrast: it is superposed on the stacking- 
(5.5 contrast. 

if |n| acquires larger values, it can be expected that this line contrast 
becomes relatively more and more important; a very well-defined line 
image will occur separated from the stacking -fault contrast. 

That this is true for larger [| values is shown by the figs. 3 (a), (b), (c), (d); 
4 (a), (b), (c). (2). 80). (f). 6 (a), (0), (9) (d). (9). (U) for l= $; t $- 

When finishing our manuscript a paper by Howie and W helan (1962) on 
diffraction contrast came to our attention. Numerical solutions for the 
transmitted and diffracted wave intensities are obtained by the use of the 
dynamical theory, as previously formulated by these authors, and which 
takes account of the anomalous absorption effects. For partial dis- 
locations two numerical examples have been computed for |n|=4,-4. $- 
From these follows in particular that for n= +4 the partial dislocation 
should be practically invisible (at least for the computed numeri al 
examples), as predicted by the kinematical approach developed in the 
present paper. 
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APPENDIX A 
CONSTRUCTION OF THE AMPLITUDE—PHASE DIAGRAM 

In $2 has been described how it is possible to calculate the coordinates 
of the centre of the final circle of the amplitude—phase diagrams. It was 
also possible to express analytically the condition for the points to lie 
very close to the final circle. 

In this appendix will be shown that it is possible to calculate the co- 
ordinates of all points of the diagram, even those of the points far from the 
final circle. 

(i) w>1, i.e. z>v (s>0) 
One has 
ep=E+in=(1/278)F, = (1/27s)(o, --R,) (see (15); 
3F2 
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where R, defines the centre of the final circle, and 
uio s 
0,7 —f | (1+it/l—it)"®exp iptdt (see 6 (b)). 
u 

Since |t| > 1 in all points of the integration line (u, u +i c0), one can develop 
(1+it/1—it)"® as a series of l[it and integrate term by term. After 
calculating, one obtains: 


9,— —i [exp i(y + nn[2)] h "b Sue] : $e (28) 
where : 
2 U a coram NIS 280,0 
y-2n$2, try = je y ] (r » 0), . (286,c) 
y, = (exp —ty)[Ci(y) + tst(y)] Se eres (BO) 


(for the meaning of Ci and si, see Jahnke and Emde 1945), 
dol, =n, (r42)a,,9— na. FTU, . (28e,f,g) 
These formulae enable the calculation of £ and y, the series being in 
most cases rapidly converging. 


Fig. 7 
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(ii) «€ 1, i.e. z &a(s » 0) 
Now 


p= $ exp i(2msz 4- n0) dz = es Jj: (1--it]Y — it)? expiBt dt (see (55, c)). 


J 0 US Jo 


Sines the integration segment (0, «) lies in the interior of the circle |t| < 1, 
(+ -3/1 — it)"? ean be developed as a series of (it) and one can integrate 
tex. by term. 


‘sar calculations, one gets: 


2nsp= Sa b)", dua m - 0 Dd, tiy H expiy, (29a, b) 
0 
po~ (I-—expuy) e 5 a seen (2910) 


In most cases the series (29a) is rapidly converging and it is very con- 
venient for the numerical calculations. Figure 7 shows an example of a 
phase-amplitude diagram calculated as outlined in this appendix. 
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ABSTRACT 


'The Obreimov-Gilman cleavage technique has been used to study, in & 
quantitative manner, the effects of a mercury environment on the cleavage 
fracture energy of high purity zine monocrystals. The experimental observa- 
tions support the view that the total energy involved in the propagation of a 
crack, ¢, can be conveniently represented by the relation 6=7 > p * Yo where 
73 is an environmental variable—the coefficient of embrittlement—which 
relates the energy required to separate atoms at the crack tip in the presence 
and absence of an embrittling phase, p is a dimensionless variable dependent 
upon the degree of plastic relaxation at the crack tip and independent of 7, 
and yg is the true surface energy of the fracture plane. In this work, Vor n(TT*R) 


was determined to be 90-- 10 ergs/em? to be 87+5 ergs/em? and 


"lzs-Hg(208*) to be 0-612- 0-12. 

On the basis of available experimental evidence concerning embrittlement 
by liquid metals, a new mechanism for this phenomenon is considered. "This 
involves a localized reduction in cohesion introduced by the strain-activated 
chemisorption of liquid-metal atoms (i) at sites of high dislocation density, 
facilitating crack initiation, and (ii) at the tip of an initiated crack, facilitating 
its propagation. 


> Yoy n(298*K) 


$1. INTRODUCTION 


One of the most intriguing and least understood of all metallurgical 
phenomena is the embrittlement of otherwise ductile solid metals by 
certain liquid metals. Though this phenomenon was first reported almost 
50 years ago (Huntington 1914, Heyn 1914) and has been the subject of 
many investigations since that time, its mechanisms and the reason for 
its peculiar selectivity} remain unclear (Rostoker et a]. 1960, Westwood 
1963 a). 

The most widely proposed explanation for the phenomenon is based on 
considerations of the Griffith equation (Griffith 1920-1). This relates the 


tensile stress, op, necessary to propagate a pre-existing crack to the surface 
energy of the material containing the crack, Yo: 


op = (AEyo/e)!?, Eos (0 


T For example, gallium embrittles cadmium and aluminium but not magne- 


sium ; mercury embrittles zinc but not cadmium, etc. 
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where c is the crack length, A a numerical constant of order unity and HE 
the Young's modulus of the material. It has been suggested by several 
workers (e.g. Orowan 1944, Rozhanskii and Rebinder 1953, Nichols and 
Rostoker 1961) that if yọ were reduced by the adsorption of an embrittling 
phase then, in aecordance with relation (1), the material would foil ab a 
lower value of cy than that observed in the absence of the chem:cslly- 


active environment. However, this simple hypothesis is unsatist;^t 
because 


(i) It does not account for the selectivity of the phenomenon, 


(ii) It provides no insight into the nature of the embrittlement process 
on an atomic scale. 


(iii) Experimentally determined values of the total energy involved in. 
crack propagation, $, frequently are considerably greater than y, 
(for example $— (10 to 10%)-y) (Felbeck and Orowan 1955, Low 
1959)) because of plastic relaxation in the vicinity of the crack tip. 


However, the above hypothesis does not suggest any manner in 
which the plastic contribution can be reduced. 


(iv) It cannot be seriously evaluated for there are few reliable values of 


the surface energies of solid metals, with or without liquid metal 
films, available in the literature. 


The present approach, also adopted by Stoloff and Johnston 
is to focus attention on the situation a 


1947, Gilman 1959), and to su 
metal atom B is to reduce, in 
A-A, (Westwood 1963 a) 


(1963), 
t the crack tip, fig. 1 at X (Elliot 
ppose that the role of an embrittling liquid 


some way, the cohesive strength of the bond 


Such a crack would propagate by the repeated 
cat peate 
breaking of bonds of the type A-A,, A-A}, etc., and such bonds might be 
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expected to have potential energy-separation distance curves of the form 
U(a) indicated in fig. 2, ay being the equilibrium distance between atoms 
across the fracture plane. The resulting stress, c, between atoms A and 
A, as they are separated varies as (dU/da) from o=0 at a=, to a 
maximum value of o= oq at the point of inflection U, of the curve U(q), 
fic. 2, It follows then that a tensile stress of magnitude om acting at the 
crack tip would cause the bond A-A, to break. Assuming that the actual 
o(a) curve can be approximated by one-half of a sine curve and that its 
half wavelength, A, represents the effective range of the interatomic forces, 
it ean be shown that (Gilman 1960 a) 


EX 

eee o o o E 

zm Tg (2) 

then, if the work done in breaking A—A, bonds is equated to the surface 

energy of the thereby created fracture surfaces, it also can be shown 
(Gilman 1960 a, Stoloff and Johnston 1963) that 


E: 1/2 
am= (222) MANEC C NEM C AO) 


o 


POTENTIAL, U. 


STRESS, 0 


SINE 
APPROXIMATION 
a (a)g 


Schematic potential energy, U(a) and U(a)g, and resulting stress, o(a) and 
c(a)g, versus separation distance curves for bonds of type AA in tho 
absence and presence of an embrittling chemisorbed ‘ phase ` B. 
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l 

| Next consider the propagation of a semi-elliptical crack of length cin 
D a thin plate under the action of a tensile stress o, acting perpendicular to 
the length of the crack (Inglis 1913, Griffith 1920-1). The maximum 
tensile stress acting at the crack tip, oe is 


1/2 
C "m 
07 20, (=) > Dur d Rte tee E á E (4) 


where R is the radius of curvature at the tip. As Orowan (1949; bas 
commented, the minimum radius of curvature having physical signifies 2e 
i is given by R—a,. For such an ‘atomically sharp’ crack to propago, 
i c, must exceed om, and the applied stress necessary to achieve this, c, = «>. 
i from relations (3) and (4), is 
gy-— (m. "ctae 5) 
4c 


In practice, most cracks are not atomically sharp but are blunted by 
plastic relaxation in the vicinity of the crack tip. Thus the radius of 
curvature at the tip becomes increased from a to some larger value aj. 
Nevertheless, to propagate a plastically blunted crack it is still necessary 
that the stress at the tip exceed om. Now, if ap[a, — p, then from relations 
(4) and (5) it can be shown that 


op (blunted crack) = = en) : ccce) 


In other words, the fracture energy ¢ involved in propagating a blunted 
crack is simply p:y,, where p is a dimensionless, variable ratio (p/o) 
dependent upon the amount of plastic relaxation at the crack tip and there- 
fore upon temperature, propagation rate, yield stress, metallurgical 
composition and structure, etc. 

Finally, consider that the principal role of an embrittling B atom is to 
reduce om, presumably by causing some reducti | 
electron cloud between atoms A and A,, fig. 1. 


educed stress it is only 
s the embrittling action 
p- This possibility leads 
efficient of embrittlement, 
mic bonds at the crack tip 
ing phase. A convenient 


definition is 


| 
| 
| 
| 
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where 7 and p are simple and independent? ratios, 7 being an environmental 
variable, p a plastic relaxation variable and yọ the true surface energy ofthe 
fracture plane of the metal. 

7n this investigation, the relationship presented in eqn. (8) has been 
cxsmined for the zinc-mercury embrittlement couple and $, 7 and yo 
‘uated over the temperature range 77°-300°K using the Obreimov 
*5j- Gilman (1960 b) cleaving technique. 


$2. EXPERIMENTAL 
“a this section the experimental approach will be outlined. Particular 
pvc cedures utilized in the investigation of specific variables will be described 


in S 35 


Fig. 3 


Crack initiating jig. 


P H = 
t Except, perhaps, in solvent environments when blunting of the crack tip, 


pops increasing p, might occur by a solution process (Joffé effect, see 
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2.1. Materials 
| Single crystals, 6mm x 6mm in section and 30 em long, were grown from 
| commercial high purity zinc} by the seeding technique with the (0001) 
| basal plane parallel to one set of side faces. These rods were sawn into 
i test specimens 3 em in length and one end was further cut to a chisel shape 
to facilitate the subsequent introduction of a single cleavage crack. S 
mens were then polished for 7-10min in a solution of 1:1:1 nitric 
alcohol : hydrogen peroxide (Gilman and DeCarlo 1956) to remove su!“ 
damage. 


Fig. 4 


RE elei euge illt 


S of zine were used Z 
i used, zone-refined zinc of 99. v 
d D Duo and eee high ete 
> wie New Jersey Zine Co. Since it 
ity did not affect. cleavage AU. ST. 
S we med using C.H.P. grade 
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2.2. Determination of Cleavage Fracture Energies 

Cleavage cracks were initiated at 77°K by means of the crack initiating 
jig illustrated in fig. 3 and were prevented from propagating completely 
through the specimen by the application of a small compressive stress 
perpendicular to the direction of propagation via the rubber pads at A. 
The specimens were then mounted in the crack propagation jig located on 
the crosshead of an Instron testing machine, fig. 4, taking care to ensure 
that the basal plane was accurately perpendicular to the loading axis. 
“or most experiments, the crack length Dp, fig. 5, was set at 0:3-0:5 cm, 

ul the rate of loading at ~20g/sec. The load to repropagate the crack, 
~, evidenced by a sharp drop in the recorded load-deflection curve, was 
voted. After fracture was completed, an accurate value of Lj was obtained 
xy microscopic examination of the freshly cleaved surfaces, and values for 
w and t, fig. 5, also were obtained optically. 


Schematic of specimens used in this investigation. 


Then, following Gilman (1960), the cleavage fracture energy, p, for 
each arm of the specimen was computed from the following relationship: 
6 P?T, ? 
Appropriate values of E were taken from the work of Wert and Tyndall 
(1949). 
A more complex formula for ¢ gives 
_ 6PPL,2 > 
p= Tyee TCs) =. . . . (0) 


where C, is a correction factor introduced because, in addition to bending 
forces, shearing forces also may introduce bending of the arms of the 
specimen. From elementary beam theory, 


of 
Cs 46 Us, E ss (m 


where a=0-0:5 (Timoshenko 1934). However 


Guernsey and Gilman (1960) of the stress distr Dno ae studies by 


on near a cleavage crack 
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have revealed that shearing effects probably are insignificant, and analysis 
of the observed variation of dyn (5... ($ 3-1-2) and $7, (77x) with Lọ for values 
of Lp between 0:3 cm and 0:6 em suggests that, in these experiments, the 
effective value ofa was not greater than 0-1. Thus corrections to the values 
of ¢,, caused by shearing effects typically were not greater than 2-3% and, 
accordingly, were neglected. 

Variations of ¢,, with temperature (77°x-300°K) and environment 
(liquid mercury, liquid gallium, mercurous nitrate, water, alcohol, c2.) 
were investigated and, with care and experience, it proved possible to obi: sn 
values of $;, reproducible to within + 10 ergs/em* over many specime:s, 
providing Lo was maintained at 0:3-0:5 cm. 

In later experiments, values of $;,7 o7, l6. zn = P' Yon where 
1<p<12, were obtained either by compressing specimens perpendict.= 
to the basal plane before initiating the crack, by utilizing crack lengtiis 
initiated at 77°K but of length greater than 0-6 cm, or by utilizing cracks 
initiated at room temperature. 


Land 


§ 3. EXPERIMENTAL OBSERVATIONS 


3.1. Effect of Temperature on pyn 
Sails A TA : 


Many tests were performed in which specimens were partially cleaved 
at 77°K in liquid nitrogen, transferred immediately to the propagating jig 
© S 1 "T7? K i + ean 
and tested, again at 77°K, taking care to prevent any significant rise in 
temperature during transfer. Under these conditions, it was assumed that 
p= 1 (little or no plastic relaxation at the crack tip) and 7 ~ 1 (inert environ- 
ment (Gilman 1960b)) so that $c, A Yozn arr for the (0001) pl 
Crystals of both A E ead comme h LP) 

rystals h zone-refined zinc and commercial high purity (C.H.P.) 
ate were tested, and what are considered to be the most reliable data for 
C.H.P. zincaresummarizedintablel. Experimental values are presented 
to illustrate the scatter observed, and it can be seen that $ ~ 
=90 + 10ergs/em? for C.H.P. zine. Similarly, 4 eee efined 
o rs d g » Pnz) for zone-refined 
5 s 90 + 25 ergs/cm? and since 4... for both zone-refined and C.H.P 
zine crystals was ~ 90 ergs/em?, only C.H.P. zinc specimens were utiliz 1 io 
subsequent tests. CR 


Table 1. Cleavage fr. : A ‘ : 
ge fracture energy of C.H.P. zine crystals at 7'7?K 


uc s : 
Specimen number | Z,in centimetres $z) in ergs/em? 


287-4 : 

303-4 dos 2j 
p 0:34 90 
305-1 0-44. 97 
308-1 0:31 82 
308-3 0-29 94 
319-1 0-36 9 5 
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3.1.2. At temperatures between 200°K and 300°K 

In these experiments cracks were initiated in liquid nitrogen and then 
propagated at the appropriate temperature in either alcohol cooled by 
dry ice, water orair. The data are presented in table 2 and summarized in 
fig. 5. It will be observed that ¢,, is relatively insensitive to temperature 
over the range 77°K to 300°K. 


Sie 2. Cleavage fracture energy of C.H.P. zinc at various temperatures 


| Temperature Number of m dan 
(°K) specimens tested Environment in ergs/cm? 
203 3 Alcohol cooled 90 +4 
by solid CO, 
277 >10 Distilled water 90 +10 
298 >10 Air 8745 
Fig. 6 
200- 
4 
l 
l 
150r | 
a l 
x l 
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e 


| Pzn-Hg=7), %zn 


mp. Hg * 
———————— aau —L b | —L 
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TEMPERATURE IN °K 


Illustrating the effects of temperature and mercury environment on the cleavage ' 
fracture energy, ¢, for (0001) planes of C.H.P. zinc. 


The variation of $7, (298°) With Lo is shown in fig. 7. Curves A present 
the data for crystals having cracks initiated at 779x and propagated at 


298?x referred to in $2.2; curves B present data for cracks initiated and 
propagated at 298°K. 


3.2. Effects of Environment and Temperature on Py, 
3.2.1. Effect of mercury at the crack tip ^ 3 


Crystals partially cleaved at 77?x were warmed to room temperature in a 
10% aqueous solution of ammonia (Summ et al. 196 1) and a drop of mercury 
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was introduced into the crack by means of an amalgamated zinc rod at the 
farthest point from the crack front. After about 1 minj specimens were 
removed from the solution, dried in a stream of cold air, mounted in the 
crack propagating jig and tested at the appropriate temperature. The time 
from the application of mercury to testing was maintained at 2min. After 
fracture was completed, the freshly cleaved but amalgamated surfaces were 
cleaned by wiping gently with soft foam rubber which absorbed the 
mercury and revealed the original crack front. 


TE 
Fig. 7 
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Lo IN CM 


Illustrating the effects of crack length, Lọ, and crack initiating temperature on 
cleavage fracture energy, ¢. z 


: Curves A present data from crystals 
having cracks initiated at 77°K and propagated at 298°x ISLAS 


data for cracks initiated and propagated at 298?x. UID, 


The data are presented in table 3 and summarized in fig.6. Attempera- 
tures below the melting point of mercury, brug Was high and AE 
because solid mercury bridged the crack walls making propagation difficult 
However, at temperatures above the melting point of mercury (> 234°K) 
Pzn-ng (97-93 ergs/cm?) was less than $7, (90-87 ergs/em?) and He d 
slightly with increasing temperature. _ MES 


3.2.2. Effect of mercurous nitrate solution 


Experiments were performed in which cracks were propagated while the 


specimens were womersed in a dilute aqueous solution of mercurous 


f An experiment to be described 


ee eee 
3.4) indi 5 
in this fashion diffused to the crack A ) indicated that mercury introduced 


ip, ^1 em away, in less than 1 min. 
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nitrate at room temperature. The value of $;, ux) Obtained (5247 


ergs/em, table 3) wasin good agreement with that obtained by the technique 
described in 83.2.1. Thus, from tables 2 and 3, 


— f| Png cosi) _ 53¢ 8 ergs/cm* 
"Izn-Hg (29891) = jung») /P=1 87+ 5ergs/em? 
=0-61+40-12. 
Tabie 3. Effect of mercury on the cleavage fracture energy of C.H.P. 
zinc at various temperatures 
'emperature Number of E Sn $n in 
(°K) specimens tested ee a ergs/cm? 
« 230 3 Mercury + aleohol ~ 200 
cooled by solid CO, 
234 1 5 94 
243 4 E 57+8 
274 4 Mercury + distilled 538 
water 
281 1 2 57 
298 >10 Mercury +air or 2% 5448 
aqueous ammonia 
298 >10 Aqueous mercurous 5247 
nitrate 


3.2.3. Effect of mercury pre-saturated with zinc 


An amalgam containing ~2-5% by weight of zinc (supersaturated at 
room temperature (Hansen 1958)) was prepared, and several experiments 
were performed to determine whether pre-saturating with zine would 
prevent or reduce the ability of liquid mercury to embrittle zinc. Though 
scatter was larger than usual (+16ergs/em?), EC Sy again was 
53ergs/cm?, demonstrating that pre-saturation has no significant effect 
and supporting the view (Rostoker et al. 1960) that embrittlement by 
liquid metals does not involve a simple solution effect. 


3.2.4. Effect of gallium on dz, (298°) 

Several zinc crystals were tested with gallium at the crack tip utilizing 
the technique outlined for the zinc—mercury couple. Although the testing 
temperature (298°K) was approximately 5°k below the true melting point 
of gallium (303?x), embrittlement of the zinc was observed and dan 


Ga (208°) 
was 42 + 13ergs/em?. Thus 537, Gs (oss) = 0748 + 0-17. 


3.2.5. Other environments 


To further investigate the possibility that liquid-metal embrittlement 
might involve a simple corrosive process, a few crystals were tested in such 
corrosive environments as dilute nitric acid and the chemical polish 


P.M. 36 
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described in $2.1. The values of $y, (osr) obtained are given 1n table 4. 
It was observed that corrosive environments increase Pun (208°n) T8 ther than 
decreasing it (Joffé effect), presumably because, by dissolution, Mer Dui 
the crack tip and thus increase p. Hence, normal corrosion processes 
probably are not involved in embrittlement by liquid metals. 


Table 4. Effect of a corrosive environment on $7, (sos) 


A ó 9 a A D Pun (208°K) 
Environment Time in minutes | in ergs/em? 
nO TINO 2 118 
5% aq. HNO 2 
0:5% aq 3 ^ 22 
10% aq. HNO, 3 208 
3 252 
3 372 
Chemical polishing solution 5 208 


3.3. Effects of Plastic Deformation and Environment on dy, (298°x) 


Many tests were performed to evaluate the effect of mercury on the 
propagatibility of cracks blunted by plastic relaxation. For most of the 
experiments the following double-propagation technique was adopted. 
A long crack was initiated at room temperature in air, and the load to 
propagate this crack a small distance (usually <0-02 em) determined. 
Following propagation of the crack, the specimen was immediately unloaded 
to about 10% of the propagating load and a drop of mercury introduced 
into the crack. After a 2min rest period which allowed the mercury to 
diffuse to the crack tip, the specimen was reloaded and the new load to 
re-propagate the crack determined. After fracture was completed, the 
specimen was wiped clean of mercury, the relevant crack front positions 
were determined optically and the fracture energies Pq (99m, p>1) and 
$yn-Hg(298°R, 1) Computed. Assuming the seco 


ny (29 nd crack front to be 
similar in profile to the first under these experimental conditions (i.e. 
17: p»), comparison of these values allowed an analysis of the effects 


mercury environment on the propagatibility of plastically blunted cracks. 
Other techniques for producing plastically blunted cracks (§ 2.2) also were 
utilized and, in these various ways, values of Panos. p> p Over the range 
90-1200 ergs/cm? were obtained. The experimental data are presented in 
fig. 8. It was observed that Pzn-Hg (208K, p, e» DJ zn 208°, p, >1)= 0°61 + 0:07, 


and in fig. 8 a line of slope 0-61 is drawn to illustrate the good fit to the data. 
It is concluded, therefore, that 


E5 = (Sete = 0-61 
an 298°K, 1<p<12 gun 208°K, p21 inHg (2987) ~ 


and thus that y is independent of Pp» 


of a 


as proposed in $1. 
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3.4. The Surface Diffusion of Mercury over Zinc 
A pre-cracked specimen of known crack length Lo was stressed to a 
level calculated to be below that necessary to propagate the crack in air, but 
above that necessary to propagate the crack when mercury was present at 


the “ip. A drop of mercury was then introduced into the back-end of the 
eves: aad the time between the introduction of the mercury and the 
ec) :ctrophie failure of the specimen recorded. On average, this time was 
i ca for cracks of length 1-1-5 cm at room temperature, in accord with 


tas shservations of Summ et al. (1961). On the basis of such observations, 
shocofore, the time between the application of mercury and the testing of 
po- racked specimens was set at 2 min. 


Fig. 8 


P an-Hg IN ERGS/CM® 


it eee = 1 L poe [p Ee 
F 200 400 600 800 1000 1200 
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OZn 


A comparison of the fracture energy involved in the propagation of a plastically 
blunted cleavage crack in air, $za, and in mercury, dzj-gg, from double- 


propagation experiments. A line of slope 0:61 (=nzn-ng (2989) IS drawn 
through the data. ees 


§ 4. DISCUSSION 

This investigation has demonstrated the simplicity and usefulness of the 
Obreimov-Gilman cleavage technique for investigating effects of environ- 
ment on crack propagation behaviour in a quantitative manner. 

The value of the cleavage surface energy for (0001) planes of C. H.P. 
zinc at 77°K determined in these studies (90 + 10 ergs/em2) is in good agree- 
ment with that estimated by Gilman (1960b) (105 ergs/cm?) on the basis 
of less extensive studies with zine monocrystals at the same temperature. 
The present work also revealed that, provided great care is taken in experi- 
mental procedure and L, maintained at 0-3-0-5 em, cracks initiated at 77 ^K 
can be propagated at temperatures up to 300°x man that p remains c1 


362 
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and mirror-like cleavage surfaces are produced. From such experiments, 
epczl- 87 +5 ergs[com?. Thus the 
($2n (300) P =N = 1 — Yo zn qoo) WAS found to be 87 +5 ergs/ j ee 
increase in cleavage fracture energy with temperature previously reported 
for zinc monocrystals containing cracks of length greater than 1-0em. 
(Gilman 1960 b), probably reflects an effect of temperature on p rather than 
on yp. It appears that the likelihood of plastic relaxation in the vicinity 
of the crack tip increases markedly with temperature for cracks of having 
Ly greater than 06cm. In this investigation a slight decrease in 


with temperature wasnoted. Indeed, experiments in progress sugges’ at 
Yo m May fall off at an increasing rate with temperature at tempers ...:cs 
above 310°K. 

The coefficient of embrittlement, 7, for the zine-mereury couple “as 
determined to be 0:61 + 0-12 at 298?x and to be relatively insensitiv= to 


temperature over the range 240°-298°K. Experiments with plasticaily 
blunted cracks confirmed that 7 is independent of the degree of plastic 
relaxation at the crack tip, i.e. independent of p, as suggested in the intro- 
duction to this paper. Thus experimental observations on the zinc- 
mercury embrittlement couple support the hypothesis that the energy 
involved in propagating a crack, ġ, can be conveniently represented by the 
relation : 


=q" p: yo: RP GC e else ES (8) 


Experiments involving mercury pre-saturated with zinc or performed in 
such highly corrosive environments as nitric acid and chemical polishing 
solution also substantiated the view expressed by previous investigators 
(Rebinder et al. 1956, Rostoker et al. 1960) that embrittlement by liquid 
metals does not involve a simple corrosion process at the crack tip. ` Obser- 
vations of the ‘instantaneous’ fracture of suitably pre-stressed specimens 
on wetting with a surface active liquid metal (Bryukhanova et al. 1962 
Westwood 1963 b) provide further support for this opinion. Unfortunately, 
the present lack of detailed knowledge concerning the nature of eaiestan 
in metals does not allow the proposal of any new mechanism for the 
embrittlement process with any degree of certainty. However, there are 
several apparently reliable generalities which can be 
phenomena (Kraai et al. 1960, Rostoker et al. 196 
which provide a possible basis for speculation. 
empirical rule it appears that to constitute an embritt] 
solid metal, A, and the liquid metal, B, must have lim 
and demonstrate little tendency to form intermet 
other words, under equilibrium conditions, the co 

embrittlement couple exhibit little mutual affini 
demonstrated that there must be a sufficient supply of liquid metal t 
maintain brittle crack propagation (Rostoker et al. 1960, Rhines et al 1962, 


Stoloff and Johnston 1963). This implies (i) that liquid metal atoms must 


be specifically at the crack tip to cause embrittlement, and (ii) that liquid 


stated concerning the 
0, Westwood 1963 8) 
For example, as an 
ement couple both the 
ited mutual solubility 
alie compounds. In 
nstituent atoms of an 
ty. It has also been 
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metal atoms are expendable in the embrittling process—probably because 
eventually they become stably chemisorbed on the freshly created fracture 
surfaces. 


Fig. 9 
S ] 
Isa 
10k 
\ RNS 
i | SS 
8 sri \ | SY 
wy aN 4 A 
[kN M 
z [EN yG 
w 6r 
z 
H 
W 
54 
zr 
© Q 
o 
mJ 
2r 
tb) |(d) (a) (c) 
i! i atk at — 
o l 2 3 4 5 6 


STRESS IN KG./MM? 


Dependence of lifetime of zinc specimens on applied stress and environment at 
2939k. Curves (a) and (b) for unamalgamated and amalgamated mono- 
crystals (y9=50°) respectively ; curves (c) and (d) for unamalgamated 
and amalgamated polycrystals respectively. (After Bryukhanova et al. 
1962.) 


A tensile stress also is a prerequisite for the occurrence of embrittlement, 
and this must exceed a critical value, as demonstrated by the recent work of 
Bryukhanova et al. (1962) with zinc mono and polycrystals. Bryukhanova 
studied the effects of applied stress on time to fracture and, while typical 
static fatigue curves were observed for unamalgamated crystals (curves 
(a) and (c), fig. 9), a very abrupt decrease in lifetime over a small range of 
stress was observed for amalgamated crystals (curves (b) and (d), fig. 9). 
For example, an amalgamated polycrystal fractured instantaneously at a 
stress of 1000 g/mm?; under a stress of 960 g/mm? it remained stable for 
more than 10sec. Bryukhanova concluded therefore that, in the presence 
of an embrittling species, the fracture process was not thermally activated. 

It has been postulated here that the role of the embrittling species is to 
decrease the cohesive force acting between the atoms A and A, constituting 
the crack tip, fig. 1. Since the magnitude of this force is dependent upon 
the distribution of the free electron cloud in the vicinity of A—Ay, it seems 
reasonable to suppose that any redistribution of this cloud inducing & 
significant reduction in the strength of the bond A-A, must result from 
chemical interaction with the atom B, possibly from the chemisorption of 
oe B in the vicinity of atoms A and A, to form a metastable complex 

zB, x being an integer, probably 2 or 4. The possibility of complex 
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formation would appear unlikely under equilibrium conditions (first 
generality) but, under the action of the applied tensile stress, uie pond 
A-A, would be in an elastically strained state. The role of elastic ES ain 
in the vicinity of the crack tip thus might be either (1) to supply any activa- 
tion energy necessary to cause chemisorption of the B atom. RESO 
effect), or (ii) to produce the appropriate spacial configuration of Due. 
A and A, which would allow electronic interaction (cloud overlap) v th 
atom B to occur, resulting in the chemisorption of atom B (geomet; 
effect). Such a chemisorption process could be thought of as ‘stu 
activated '. : hoe 

On the basis of such considerations, the following mechanism for em bz 
tlement during crack propagation may be tentatively suggested. Consic 
the crack tip of fig. 1 and the curves of fig. 2. A liquid-metal aton: 3 
surface-diffuses to the crack tip, and when the applied stress becon::s 
sufficient to strain atoms A and A, to the critical separation distance, 
a, fig. 2, chemisorption and complex formation occurs. As a result of the 
electronic rearrangement involved in this process the bond A-A, becomes 
inherently weaker, and thus its potential energy-separation distance curve 
may now be considered to be of form and displacement similar to U(a),, 
fig. 2. The applied stress is increased and eventually o,, eqn. (4), exceeds 
om) the bond A-A, breaks, the crack propagates to Y, fig. 1, and the B 
atom becomes stably chemisorbed on the freshly created surface. This 
process is then repeated and, providing the external stress is maintained, 
the rate of brittle crack propagation is then governed first by an adequate 
supply of B atoms, and second by their rate of diffusion to the crack tip. 
However, since in the proposed mechanism diffusion to the propagating 
crack tip can occur only via the second monolayer, this can be very rapidT, 
providing a likely explanation for reported propagation rates of order 
1-100 cm/sec (Rostoker et al. 1960). 

It is also possible that the adsorption of a B atom at the crack tip might 
result in the formation of a strong A,B complex which would bridge the 
crack tip, ‘brazing’ it together, or might result in a redistribution of the 
free electrons such as to strengthen the A-A, bond. Such possibilities 
obviously could not lead to embrittlement—rather to an increase in 
ductility—but might be observed if the constituent elements A and B meet 
the first criterion of an embrittlement couple, namely low mutual solubility 
perhaps for size factor reasons, but also exhibit a tendency to form inter- 
metallic compounds by virtue of a strong electronic affinity. Such an 
effect might account for the absence of embrittlement phenomena in the 
aluminium-Jithium, magnesium-bismuth and magnesium—tin systems. 

T his paper has not specifica] ly considered the problem of crack initiation, 
but this process also is facilitated by the presence of an embrittling liquid 

T To the authors’ knowledge, the diffusivity of mercury on mercury at room 
temperature has not been determined. 


However, as an order of i 
: ; of magni- 
tude comparison, for the second monolay ó 


rison, er diffusion of Cs on Cs at 300K°, 
D= 1:6 x 10 em?/sec and the activation energy Q^ 0-1 ey (Smithells 1955 . 
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metal phase (Goryunov et al. 1960, Westwood 1963 a, b, Stoloff and Johnston 
1963). However, since any strain-activated adsorption process is likely to 
occur preferentially at dislocation sites, and since it has been suggested 
that such a process might reduce cohesion locally, it seems reasonable to 
propose that crack nucleation via edge dislocation interaction or coalescence 
a129 is likely to be facilitated at the specimen-liquid phase interface. 
^: summary then, a mechanism for embrittlement by liquid metals 
solving the localized reduction in cohesion introduced by a strain- 
“tated chemisorption process has interesting implications. However, 
2:ous analysis of the phenomenon must await a better understanding of 


sion in metals. 
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ABSTRACT 


An investigation of the variation of lattice parameter with composition 
over à small range of composition for the phases CoAl and NiAl has confirmed 
that a peak value occurs and has enabled the corresponding phase-composition 
io be determined. For CoAl this is close to the ideal 50-50% (atomic) compo- 
sition, but in the case of NiAI the nickel sites are found to tolerate up to about 
1-595 aluminium. The electron to unit cell ratios corresponding to these 
compositions are 3-00 and 3-04 for CoAl and NiAI respectively. 


$ 1. INTRODUCTION 


THE phases CoAl and NiAl both have a cubic CsCl type of structure 
and exist over a range of composition with a corresponding variation in 
the occupation of the atomic sites. The purpose of the work described 
in this paper was to permit the preparation of highly ordered samples 
of these alloys, suitable for the investigation of electron density distri- 
butions by x-ray techniques, as described in the next paper. 


$2. THE NATURE OF THE ORDERING 


The occurrence and ordering of the CsCl type structures about the 
50-50% atomic composition range have been discussed by Bradley 
and his co-workers in their investigations of the cobalt-aluminium 
system (Bradley and Seager 1937) and the nickel-aluminium system 
(Bradley and Taylor 1937). These authors found that the ordering 
process is the same in CoAl and NiAl. In the ideally ordered state 
with 50-50% atomic composition, the transition metal atoms and the 
aluminium atoms both form simple cubic lattices which interpenetrate so 
that one type of atom is at the body centre of the cube formed by atoms 
of the other type. On the transition metal-rich side of the ideal composi- 
tion some replacement of aluminium atoms by smaller transition metal 
atoms occurs, resulting in a reduction of the unit cell size. On the other 
hand, with an excess of aluminium some of the smaller transition metal 
sites are left vacant, so that the unit cell size is again reduced. The lattice 


t Mullard Research Fellow, Downing College, Cambridge. 
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spacing will therefore have a maximum value for ideally ordered alloys, 
provided no replacement of transition metal atoms by aluminium atoms 
occurs. 
The variation of lattice parameter with composition found by Bi adley 
and his co-workers for CoAl and NiAl is shown in fig. 1 ; the vi qim 
i "6 i r convenience, using the factor 
have been converted to Angstrém units fo d a A 
1.00202. The peak occurs at the ideal composition ior Uos, i is 


e Mo 50 54 
At h Al 


| of lattice parameter with composition for CoAl and NiAl. 
- Bradley and Seager (1937). 
Bradley and Taylor (1937). 
useva (1951). 
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Samples of the alloys were prepared from high purity (> 99-9895) 
metal powders. Suitable proportions of the transition metal and alumin- 
iw powders were thoroughly mixed and compressed in a 1 in. diameter 
ste'5te die under a load of about 2 tons. A single-phase sample was 
ti prepared by heating the compact in a platinum resistance furnace 
usco vacuum. A strongly exothermic reaction was found to occur 
n°) she melting point of aluminium, accompanied by an appreciable 
d se in atomic volume. After annealing at 1300°c for about 36 hours 


| $3. PREPARATION OF THE ALLOYS 
| 
| 


t.. -2ples were cooled and removed from the furnace. They were then 
ord in a mortar, repressed and annealed at 1300°c for a further period 
of «cout two days to ensure homogeneity. 


i; was found to be advantageous to programme the heating cycle 
to control the violence of the reaction and to ensure that all specimens 
f received identical treatment. It was also found that in the case of NiAl 
| the ordering was improved by cooling the alloy slowly from the annealing 
| temperature. The heating and cooling rates used were about 100 to 120°c 
| per hour. 
| § 4. EXAMINATION OF THE ALLOYS 


Samples of the alloys after heat treatment were mounted in diakon 
j and polished to enable metallographic examination to be carried out. 
Examination of samples after one and two heat treatments showed that 
grain size and porosity were reduced by the grinding and repressing. 
In no case was any second phase observed. 
| All samples were examined by x-ray techniques, a portion of each 
| being ground in a mortar to provide a powder specimen. The camera 
used in this work was a Philips precision powder camera, diameter 
114-6 mm, employing the Debye-Scherrer film mounting. "The powder 
specimens were prepared in quartz capillary tubes of internal diameter 
0:2 mm, mounted in brass collets and thus held parallel to the axis 
of the camera. By ensuring identical conditions for all exposures it 
was therefore possible to compare lattice parameters determined on & 
relative scale, considering only reading errors. Extrapolation to 0-— 90? 
for à number of cases showed that other errors were the same in each case. 
It was found that the reading errors could not be reduced by preparing 
photometer traces. 
The most convenient radiation for the determination of the lattice 
parameter was Co Ka which gives strong {310} reflections at angles of 
about 81° for CoAl and 783? for NiAl. These were the highest values 


which could be obtained for Strong reflections using any readily available 
radiation. 


-- 


Eier vasa se ac 


$5. EXPERIMENTAL RESULTS 


Initial samples, prepared with uncontrolled i 
sany ; cooling, showed a well- 
resolved distinct (310) doublet for CoAl but a less distinct doublet in the 
case of NiAl. An appreciable improvement was obtained by allowing 
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2:8620 
2:8610 
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The observed variation of lattice parameter with initial composition for CoAl. 
© Microscope. @ Photometer. 


Error bars represent the estimated standard deviations of the experi- 
mental values. 


Fig. 3 
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the NiAI to cool slowly to improve the ordering, as was found by Bradley 
and Taylor (1937). The cooling rate was therefore controlled as described 
in $ 3. 

Series of samples of CoAl and NiAl were prepared to include the composi- 
tions corresponding to the peaks in the lattice parameters. Figures 2 and 3 


sho: the measured lattice parameters, with the estimated relative errors, 
as ^ function of initial composition. In order to determine the furnace 
lcz:3 during heat treatment a number of samples were chemically 
avo "sed by Messrs. Johnson, Matthey and Co Ltd. ‘The resultant 


|- ---ential furnace losses were 0-98 + 0:08% and 0-20 + 0:04% aluminium 
fc: .oA] and NiAl respectively. The peaks in the lattice parameters 
dci ved from the data shown in figs. 2 and 3 occur at initial compositions 
es^. aated as 50-95 + 0-10% aluminium for CoAl and 50:96 + 0:10% alumin- 
iur: ior NiAl, so that the corresponding true compositions will be 49-97 + 
0-13% and 50:76:-0-119/5 aluminium respectively. Further samples 
prepared with these initial compositions were analysed and found to 
contain 50:0% and 50:7% aluminium respectively. The densities of these 
alloys, determined by the displacement method, were 6-07 + 0:06 g/cm? for 
CoAl and 8:85 0:06 g/cm? for NiAl, in good agreement with the values 
calculated on the basis of a unit cell containing two atoms in each case, 
namely 6-08 and 5:88 g/cm? respectively. 

The maximum values of the lattice parameters, determined on an 
absolute scale, are given in the table, together with values reported 
by other workers. 


Experimental maximum lattice parameters of CoAl and NiAl 


m ULL 


(a) CoAl 
—— —  —— RO e ERA Tq CE 
Present work 2-8619 + 0-0003 å 
Bradley and Seager (1937) 2-8622 & 
(b) NiAl 
Present work 2-8864 + 0:0006 å 
Bradley and Taylor (1937) 2-8872 + 0-0002 å 
Guseva (1951) 2-886 À 


$ 6. DISCUSSION 


The positions of the peaks in the lattice parameters are consistent with 
those given in fig. 1 for previous studies of these phases. However, 
the present study has been concentrated over a small range of composition 
which has enabled the peaks to be located more accurately. The agree- 
ment between experimental and theoretical values of no densities is 
consistent with the assumption that all atomie sites are oceupied in alloys 
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having the maximum cell side, as was reported by Bradley and Taylor 
(1937) in the case of NiAl. Since the peak in the lattice parameter for this 
alloy is displaced to the aluminium-rich side of the ideal 50-50% atomic 
composition some replacement of nickel atoms by aluminium atoms must 
occur up to a maximum of about 15%. m 

It has been pointed out previously (Lipson and Taylor 1939) that SWO 
effects may control the ordering in these CsCl type structures, sizo zad 


electron to unit cell ratio. These alloys are f-phases and the el Sron 
to atom ratio corresponding to Hume-Rothery's rule for these iv |5; 
the ratio for which the Fermi surface is first expected to touch the Brit. in 
zone is 1-48, but in practice it is found that the B-phases are stable wish 


respect to other structures for an electron to atom ratio of up to 1“ or 
rather higher (Pearson 1958). If the transition metal is assumed to irae 
no electronic contribution, as is necessary to satisfy Hume-Rothc cy's 
rule for phases containing transition metal atoms, an electron to atom 
ratio of 1-5 is achieved at the ideal 50-50% atomic composition. ‘This 
corresponds to 3:0 electrons per unit cell and if this value is not to be 
exceeded when further aluminium is added it is necessary for transition 
metal atoms to be replaced by vacant sites and not by aluminium atoms. 
By a consideration of ternary f-phases containing copper Lipson and 
Taylor (1939) were able to show that the electron to unit cell ratio is the 
essential factor in determining the composition at which vacancies 
first occur, but that the size factor is important in determining the rate 
at which vacancies occur as aluminium is added. 

The limiting value of the electron to unit cell ratio may be determined 
from the composition at which vacancies first occur, The results obtained 
in the present work give values of 3-00 and 3-04 for this ratio for CoAl and 
NiA] respectively. 
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ABSTRACT 


X-ray intensity measurements for powders of CoAl and NiAl, using Ag Kx 
radiation, were placed on an absolute scale by direct measurement of the power 
in the incident beam. Effects due to preferred orientation, surface roughness 
and extinction were shown to be negligible and measurements using Co Ka 

! radiation confirmed the absence of effects which vary with wavelength. The 
experimental structure factors were shown to agree with those calculated from 
| theoretical scattering factors for the ground state free atoms, if suitable 
temperature factors are used, with the exception of the experimental (200) 
structure factors which are a few per cent low. The main structural feature 
corresponding to the differences between calculated and experimental 
structure factors is an additional charge density between the atoms along the 
| contact directions ; this is illustrated by Fourier syntheses corresponding to 
| the outer electron distributions. 


| $1. INTRODUCTION 


| ALUMINIUM forms a large number of intermetallic compounds with transi- 
l tion metals and these include a large class of aluminium-rich alloys 
| containing one or more transition metals of the first long period. Crystal- 
| lographic investigations have shown that in most cases the structures of 
| these compounds are very complex but have, so far, failed to give conclusive 
evidence on the nature of the bonding mechanism involved. The struc- 
| tures do, however, exhibit a number of common features, of which one of the 
most striking is the occurrence of transition metal-aluminium distances 
appreciably shorter than the sum of the normal radii of the atoms concerned. 
, Most of the structures contain a small number of these short distances, 
| the remaining distances being closer to the sum of the normal radii. The 
aluminium-aluminium distances are usually about normal. 

Brown (1957, 1959) has shown that the requirement for a short vanadium- 
aluminium distance in the compounds VAl,,, VAI, and VAI, seems to be 
that the aluminium atom concerned should have just two vanadium 
neighbours and that the angle between the two bonds should be close to 
180°. A subsequent consideration of chromium-aluminium phases 
(Cooper 1960) showed that this requirement is again satisfied. Brown 
(1957) was also able to show that the interatomic distare increase with 
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decreasing bond angle for aluminium atoms in contact with two cobalt | 
atomsortwomanganeseatoms. It has also been pointed out (Cooper 1960, | 
1962a) that aluminium atoms can be involved in more than one 180° i 
short bond pair and that this, in fact, occurs in several of the simpler 
transition metal-aluminium compounds which are less rich in aluminium. 

From a detailed consideration of the common features exhibited by the 
aluminium-rich transition metal compounds (for example, Cooper 19522) 
it would seem that the important bonding mechanism is associated witt. the 


j short transition metal-aluminium contacts and it is there for desira:> to 
1 obtain more detailed information concerning the distribution c* 53e 
electrons associated with these bonds. Structures suitable for sich 


studies should contain a large number of these bonds and should nc. »e 
very complex, since the uncertainties associated with a large numbe of 
parameters are undesirable. It is therefore to be noted that in the CsCl 
type structures, FeAl, CoAl and NiAl, all the bonds are short and all the 
H atomic positions are fixed. This paper is concerned with the application of 
x-ray powder techniques to investigate the electron distribution in two of 
these phases, CoAl and NiAI. 


§ 2. PREPARATION OF SPECIMENS AND COLLECTION OF DATA 


An investigation of the ordering of these phases and the preparation of 
alloys of a suitable composition for this study has been described in the | 
preceding paper. Alloys were prepared at the composition corresponding 
to the maximum lattice parameter, since determination of the lattice | 
parameter for these alloys provides an unambiguous indication of the 
true composition. Specimens were prepared in the form of compressed j 
powder blocks so that uncertainties arising in single-crystal measurements 
due to extinction could be avoided. The simplicity of the structures 
concerned is such that reflections with different sin0/A values are well 
; resolved, enabling useful information to be obtained by powder techniques. 

In order to ensure that the alloy powders were of small particle size, these 
were ground in à mortar and any particles which would not pass easily 
through a 400 mesh (37,4) sieve were rejected. The remaining powder 
was then ground further before pressing, reducing both the particle size 
and the likelihood of the existence of extinction. z 
The methods used for the collection of intensity data and the derivation 
of the experimental structure factors have been described elsewhere in 
connection with a study of the electron distribution in chromium ( Cooper 
1962 b). Similar preliminary measurements showed that the effects of 
preferred orientation, surface roughness and extinction were negligible in 
the specimens used. A compacting pressure of 40 000 p.s.i. was again 
employed, except in the investigation of the effects of variation in pressure. 
oe ES RCM mie using Ag Ka radiation, were measured 
at of the corresponding {110} reflection, which 
was then placed on the same absolute scale as the intensity of the chromium 
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{110} reflection. Several of the low-angle reflections were also measured 
using Co Ka radiation to confirm the absence of any effects which vary with 
wavelength, the absolute scale being determined as for Ag Ka radiation, 
but using iron foils as attenuators. The absolute structure factors are 
listed in table 1. The probable errors quoted are those relative to the {110} 
reflection ; the uncertainty in the absolute scale is estimated to be + 1:3% 
| for Ag Ka radiation and ‘+ 2:0% for Co Ka radiation. 

i . The absorption coefficients for the alloys were calculated from these of 
the constituent elements, determined experimentally from foils, usii:; the | 
additivity law (Bragg 1939, p. 325): i 
f um = S pum. 

| Although this law is extensively used it is well known that deviations :>m 
| it occur, particularly near absorption edges. The absorption edges fo: “he 
| elements concerned in the present work are far removed from the Ag X 
wavelength, but possible deviations from this law must be borne in mund. 
j! | The values of the absorption coefficients are listed in table 2. | 


Table 2. Dispersion corrections and absorption coefficients 


Ag Ka Co Ka 


Af' | As” | umeme) | af’ | as” | amleng) 


| 
| 
Co 0:35 0-77 21-19 —2-17 0-64. 61:5 
Ni 0-38 | 0-88 2446 |—1-70 | 0-73 724 | 
Al 0:05 0:05 2-7 0-22 0:33 74-6 | 
CoAl 15-5 66-1 | 
NiAI 17-4 73-1 | 
$3. ANALYSIS OF RESULTS i 
, For alloys of the ideal 50-50% atomic composition the structure factor 
is given by: i 
B= fon exp (— Mop ,){1 + 04} +f. exp (— JM S) +a} for h+k+1 even 
Peg (ll 
and z | 
PF —foyxexp (— Mp) + 05) — fa exp( =M aX +05} for &4- k 4-1 odd, | 
(2) 


where M=B sin? [X 
scattering. 
In each case 


and a, and o, are corrections for thermal diffuse 


" Wenge AT ETATE =. ks ee (3) 
where Jo is the atomic scattering factor for zero wa 

: : i velength and Af' and 
Af” are the dispersion corrections. These corrections mu du by 
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the method given by Parratt and Hempstead (1954) and are listed in table 2. 
If the corrections for thermal diffuse scattering are small we can replace 
[exp ( — M)(1-- o] by [exp (— M(1— 8))] and the corrections will therefore 
be included in a determination of the temperature factors by comparing 
rved and calculated structure factors, provided B is approximately 
nt (Chipman and Paskin 1959). 

or convenience, reflections for which A-- k-- is even will be referred to 
sven reflections and those for which h+ +1 is odd will be referred to as 


c22 reflections. In the case of NiAl eqns. (1) and (2) were modified to 

aow for the small quantity of aluminium in the transition metal sites. 
3e theoretical scattering factors used in the analysis of the experimental 

res...ts are those for the ground state free atoms of cobalt and nickel given 


by Zreeman and Watson (1961) and those for aluminium given by Forsyth 
ana Wells (1959). Values of the scattering factors for individual reflections 
were determined by interpolation between the tabulated values and 
theoretical structure factors for 0°K were calculated from these. 

No values of the Debye characteristic temperatures associated with the 
atoms in these alloys are known, so that it is necessary to determine the 
temperature factors experimentally. The present work concerns low 
angle reflections for which the Debye-Waller factors are close to unity and 
the temperature factors were therefore estimated from measurements at a 
single temperature only. The temperature factors for the two types of 
atom will be different in the alloy, but a mean temperature factor can readily 
be calculated from the ratios of observed to calculated structure factors in 
thenormalway. Forthis purpose only the even reflections were considered, 
since most of the odd reflections are much less reliable. Since the electron 
distributions of the atomic cores are unlikely to be distorted the temperature 
factors were chosen to give good agreement at higher angles. The mean 
temperature factors determined in this way, assuming the absolute scale 
to be correct, are B=0-39 à? for CoAl and B= 0-37 42 for NiAl. 

In both alloys the ratio of the transition metal and aluminium scattering 


. factors is approximately constant over the range considered. For even 


reflections the value of B will therefore be approximately equal to the 
weighted mean of the temperature factors of the Separate atoms. The 
Structure factors for even reflections will also be insensitive to the exact 
values of the individual temperature factors and reliable structure factors 
for these reflections will be obtained by applying the mean temperature 
factor to both typesofatom. On the other hand, the values of the structure 
factors for odd reflections will be sensitive to the individual temperature 
factors, which were therefore estimated in the following way. It follows 
from eqns. (1) and (2) that if Feyen and Foaa can both be determined for a 
given value of sin 0/A, both fru and f. a) Can readily be calculated from them. 
For any reflecting position only one of these can be determined experimen- 
tally, but the value of the other can be estimated by interpolation between 
the known values. Interpolation of Feven in this wa; 


: y enabled an approxi- 
mate value of Bra; to be determined and B, was then calculated from the 


3H2 
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values of B and Bj. The individual temperature factors obtained were : 
Boy = 0°31 å? and By, = 0-55 3° for Coal, 
By, = 0-34 å? and By, = 0-43 å? for NiAl. 


It should be emphasized that, although these values of the ee 
factorsare only approximate, the resultant uncertaintly in the Debye-Waller 


factors for the inner reflections will be small, particularly for the even | 
reflections. The values have been chosen to give agreement betwec n he | 
observed and calculated structure factors for the higher angle reflec tions, 
assuming a negligible distortion in the symmetry of the inner eisson 


theoretical model and it is only the components corresponding tc © 1¢ 
thermal diffuse scattering which represent a modification of the obse: ed 
electron distribution. | 


| 

| 

i | 

distributions. The normal temperature factors are only required fox ie | 
| 

| 


$4. Comparison OF EXPERIMENTAL AND THEORETICAL STRUCTURE 
Facrons Í 

Comparison of the relative experimental structure factors obtained for 
the different wavelengths, which can be done most conveniently by scaling | 
the absolute experimental values given in table 1 to the corresponding | 
theoretical (110) scattering factor, provides further evidence that extinction | 
and surface roughness effects are negligible, apart from a small reduction | 
in the {100} reflection of CoAl for Ag Ka radiation, which is possibly due to | 
surface roughness. However, this reduction is not statistically significant. j 
Comparison of the absolute structure factors for the two wavelengths | 
shows that the absolute scale for Co Ko radiation is lower than for Ag Ka 
radiation by just over 3%. The magnitude of this difference indicates that | 
the error in the Ag Ka scale due to porosity is unlikely to be more than 
0:5% (see, for example, the experimental data given by DeMarco and Weiss | 
1962). 

The theoretical structure factors calculated for room temperature are 
also given in table 1, and comparison of the experimental and theoretical 
structure factors for the inner reflections will give information about the 
outer electron distribution. The theoretical values have been calculated 
from the ground state free atom scattering factors and are in general in 
good agreement with the experimental values. The largest differences 
are observed for the {200} reflections for which the experimental structure i 
factors are a few per cent low. This is consistent with an additional charge 
density between the atoms in contact. 

In order to attempt to interpret the results in terms of the state of ioniza- 
tion of the atoms it is necessary to consider the differences between the 
theoretical scattering factors for the various states and that of the ground 
state. ‘These scattering factors have been determined for Ag Ko radiation 
and room temperature and are listed in table 3. They have been derived 
in the usual way from the values given by Watson and Freeman (1961) 
for cobalt and nickel and by Freeman (1959) and Forsyth and Wells (1959) 
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Table 3. "Theoretical scattering factors for cobalt, nickel and aluminium 
for reflections from CoAl and NiAl at room temperature with 
Ag Ke radiation 


(All) Coss Cot Co?* Co* Co? 
— 100 22-46 21-78 22.32 22.72 23-00 
110 19-91 19-66 19-96 20-16 20-21 
ili 18:01 17-95 18-11 18-16 18-14 
Em zs 
{hkl} Nis Nis+ Ni? Ni* Ni? 
100 23-44 22.87 23-43 23-87 24-14 
110 20-99 20-74 21-08 21-15 21-20 
I 19-13 19-05 19-23 19-30 19-26 
{hkl} CoAl A+ Alt Ale 
100 9-28 9-63 9-83 
110 8-61 8-61 8-61 
{hkl} NiAl Als Alt Ale 
100 9-29 9-67 9-86 
110 8-65 8-65 8-65 


for aluminium. It will be seen that the differences are small except for the 
{100} and {110} reflections and that the {110} reflections are insensitive to 
small changes in the state of ionization of the transition metal ; the difference 
for the {100} reflections, are, however, quite large. In the case of the alu- 
minium atom it will be seen that only for the {100} reflections is the scattering 
factor reduced for the ionized atom. 

Since the structure factor for the (100) reflections is related to the dif- 
ference of the scattering factors concerned (eqn. (2)), any appreciable 
transfer of change between the two atoms would result in a large change in 
this structure factor; the sign of this change would depend on the direction 
of transfer. The observed differences from the ground state structure 
factors indicate that any transfer in these alloys is small. The Debye- 
Waller factors for these reflections are close to unity and errors in them are 
therefore unlikely to alter this conclusion. 


$5. OUTER ELECTRON DISTRIBUTIONS 
The outer electron distributions have been investigated by considering 
the differences between the structure factors for the alloys and those 
calculated from the core scattering factors. For this purpose the Al3+ 
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scattering factor has been used for the aluminium core over the region 
where the AI? scattering factor differs appreciably from it. The differences 
of both the experimental structure factors and the theoretical ground state 
structure factors from the theoretical core structure factors were calculated 
for room temperature. Sections of three-dimensional Fourier syntheses 


Fig. 1 
CoS = | T3 


E 


Al 


The outer electron distribution in CoAl calculated from theoretical structure 
factors. 
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Fig. 3 


Al 
The outer electron distribution in NiAl calculated from theoretical structure 
factors. 
Fig. 4 


The outer electron distribution in NiAl calculated from experimental structure 
factors. 


have been computed from these differences and are shown in figs. 1 to 4. 
To avoid series termination for the experimental data values for the 
theoretical distributions have been used when experimental values were not 
determined ; these correspond only to the inner regions of the 3d electron 
distribution. Inallcasesthesectionis the [1 10] section through the centres 
of the atoms, which contains the short interatomic distances. 
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Table 4. Standard deviations of the electron distributions (eA~*) 


(a) No absolute scale error 


Type of position CoAl NiAl 
Gav, Z 0-10 0-12 
e x, 4 0:13 0-15 
(x, 0, 0) 0-20 0-23 
(25 X, T2) 0-27 0:33 
(0, 0, 0) 0-37 0-47 


it 
| . ere! S H 
| (b) Standard deviation arising from uncertainty 
i in the absolute scale 


Poston CoAl | NiAl 


0:3 


(0, 0, 0) 4-0 | 5-0 


The consideration of experimental and theoretical structure factors in 
the previous section indicated that the electron distribution in both alloys 
is essentially that corresponding to the ground state free atoms, with the 
appropriate temperature factors, together with a transfer of charge density 
to the centre of the bonds. This is illustrated in the figures for the outer 
electron distributions. It can be seen from figs. 1 and 3 that the theoretical 
outer electron distributions associated with the two atoms overlap as would 
be expected from the closeness of the approach. Comparison of figs. 2 and 4 
with these shows that there is a further increase in the charge density along 
the short bond between the atoms in the experimental distributions. 

The standard deviations associated with the electron distributions have 
been calculated by a method based on that given by Cruickshank and Rollett 


(1953) with o (yy) taken to be zero. Those for the experimental distri- 


butions are listed in table 4; those for the theoretical distributions are less 


than 0-05 eA. The standard deviation for a given position arising from 
uncertainty in the absolute scale depends on the magnitude of the total 


electron density (F synthesis) at that position and falls to less than 
0:01eÀ-3 between the atoms. 


§ 6. SUMMARY 


The experimental structure factors for CoAl and NiAl have been shown 


agree with those calculated from theoretical Scattering factors for the 
tate free atoms, with the exception of the {200} structure factors, 
| are a few per cent lower. 


: The most significant, feature of the 
distribution deduced experimentally and 


a 
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this theoretical model is a transfer of charge to the short bond positions. 
There is no evidence for electron transfer between the atoms associated 
with these bonds. 

The use of powder techniques has enabled reliable absolute structure 
factors to be determined for the strong low-angle reflections from these 
alloys, but the lower reliability of the weaker and higher angle reflections 
limits the information obtainable by this method. It is therefore intended 
to sz-oplement these measurements by single crystal measurements which 
wil. extend the range of the experimental data and also permit a deter- 
min-sion of the intensities of reflections occurring at the same sin 0/A value. 
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ABSTRACT 


Apparatus is described for the measurement of stress in thin vacuum 
deposited films. It consists of a mechanical probe that can detect the move- 
ment of the free end of a thin cantilever beam used as a substrate. The 
sensitivity is such that observations can be made of the stress developed 
during the initial stages of growth (film thickness « 100 A). 

The results for films of lithium fluoride have been correlated with electron 
microscopy observations and it is shown that stresses exist even when the 
films consist of completely separate islands. The stress increases as the 
average film thickness increases and becomes constant with thickness when 
the films become continuous. 

It is also shown that the mechanical probe provides a sensitive method of 
detecting very small temperature differences developed across thin substrates 
(0-01°c in 0-01 cm). This has enabled measurements to be made of the 
substrate heating resulting from the deposition of lithium fluoride. 


§ 1. INTRODUCTION 


OBSERVATIONS of stress in evaporated films have been made by several 
authors, both in metals (Murbach and Wilman 1953, Hoffman et al. 1954, 
Wilman 1955, Hoffman and Story 1956, Story and Hoffman 1957) and in 
dielectrics (Turner 1951, Smith 1956, Heavens and Smith 1957, Blackburn 
and Campbell 1961, Priest and Caswell 1961). All of this work was con- 
cerned with relatively thick films (7 300 À), but we have been concerned 
with the stress developed in very thin films. Previous work, using the 
electron microscope (Campbell et al. 1962), had determined the structure 
of thin films of lithium fluoride, and we wished to compare the stresses in 
such films with this known structure. 

The method used for detecting stress has been to deposit the film on a 
very thin substrate, usually of glass, and then to observe the resultant 
displacement of one end of the substrate with the other end clamped. 
Analyses of the bending have been given by Stoney (1909) and in more 
detail by Brenner and Senderoff (1949). 

The stress is given by : 

a ed 

ES 
where ts and £t are substrate and film thicknesses, A is the observed end 
defection, Is is the substrate length and Y, Young's modulus for the sub- 
Strate. The movement of the strip has been observed optically (e.g. 
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Murbach and Wilman 1953), electromechanically (Story and Hoffman 1957), 
interferometrically (Finegan and Hoffman 1959, 1961), by change in cap- 
acity between the substrate and a fixed plate (Blackburn and. Campbell 
1961) or by magnetic restoration (Priest and Caswell 1961, Priest 1961). 
None of these methods give sufficient sensitivity to allow of measurement 
of stress in the initial stages. The table summarizes the sensitivity values 
obtained by different methods, sensitivities being quoted as the minimus 
stress observable in a film 1000 A thick. 


LU EE 228 


Sensitivity | 


Method Reference (kg/em2/1000 å) | 

Bom Murbach and Wilman (1953) 400 | | 
Electromechanically | Story and Hoffman (1957) 400 | , 
Capacitance Blackburn and Campbell (1961) 500 | 
Magnetic Priest and Caswell (1961) 250 | 
Priest (1961) | 

Interferometric Finegan and Hoffman (1959) 100 | 
Interferometric Caleulated—by using ring shift 0-5 | 

Mechanieal Present authors 1 


| 

i 

§ 2. EXPERIMENTAL | 

To obtain high sensitivity without using interferometric methods, a | 

mechanical jig has been designed for measuring the small movements of the 

free end of the substrate strip, using a probe from a Taylor Taylor Hobson 

Talysurf. ‘This instrument was designed for the measurement of surface 

finish (Reason et al. 1944, Reason 1953) and has been adapted to measure 

bh film thickness (Campbell and Blackburn 1960, Schwartz and Brown 1961). 

H Movements of the probe of down to 25 å ( x 100000 vertical magnification) 

di can be detected by the associated bridge circuit and amplifier, with the 
output from the amplifier fed onto a pen recorder. 

For measuring stress the probe was modified as shown in fig. 1. The 

body of the probe was held in a rigid support and the position of the probe 

a could be adjusted by serews. Continuous observation of the development 

i" of stresses in depositing films could be made, and with a vertical magni- 


ty two orders 


fication of x 5000, stresses could be measured with a sensitivi 
greater than by previous methods. 
The vertical magnification used was limited by factors such as mechanical 


and electrical pick-up of noise. The amplifier stability set a limit on the 
detectable movement of 0:05 p in any 5min. 


substrate exerted a force of 10 mg when in b 


The probe resting on the 
alance and this bent the 
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substrate slightly (5 at the end). Movements of the end of the substrate 
due to the stresses in the deposited films were of the order of 1 u and such a 
movement would alter the probe force by a negligible amount. 

Evaporations were carried out at pressures of 10-5 torr onto substrates 
iass or carbon on glass at room temperature. The evaporation sources 
open molybdenum crucibles, 1cm long by 0-2cm wide, and the 


cvciorant of lithium fluoride was previously degassed by melting in vacuum, 
‘Lis vate of deposition was controlled between 10 and 100 &/sec by a vane 
ir';";neter (Campbell and Blackburn 1960). An electrically operated 


si- ster was located between the source and substrate ; the open time of 
ti s shutter was automatically marked on the Talysurf output chart so that 
ii as possible to accurately correlate stress developed with time and hence 


Fig. 1 
PROBE HEAD 


LEADS TO 
AMPLIFIER 


DIAMOND 
PROBE 


Y LLL LLA 


COVER SLIP 


GLASS SLIP POSITION 

FINE ADJUSTMENT SCREWS 
GLASS SLIP 

CLAMPING SCREWS 


Diagram of Talysurf probe adapted for stress measurement. 


All substrates were thin (0:015 em) soda glass strips (bx 2cm). It was 
found that 0:015cm was a satisfactory thickness ; thinner sheets were 
unstable and thicker ones reduced the sensitivity of the method. The 
sheets were cleaned prior to insertion in the jig by polishing with a slurry of 
ceric oxide in water, and wiping dry with lens polishing tissue. When in 
situ, Young’s modulus was measured on all samples by observing the 
deflection of the end when a weight of 30mg was hung on the end. 

In some cases carbon was evaporated initially onto the soda glass 
to provide a surface similar to that used in the electron microscopy 
examination. The carbon films themselves Were in compressive stress 
(~4000kg/em? for a film 300A thick), but this did not interfere with 
subsequent measurements of the stress of lithium fluoride. _ 
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$3. RESULTS 


Results with relatively thick films of lithium fluoride confirmed previous 
work (Blackburn and Campbell 1961) ; the stresses were tensile. 

For thin films of lithium fluoride the behaviour was more complicated. 
Figure 2 shows a typical deflection versus time curve obtained. The initial 
positive deflection corresponds to an apparent compressive stress in the 
film, and this is replaced by a tensile stress as the film thickness increases. 
At the end of the evaporation there is an immediate increase in deflection 
followed by a slow increase to a final value. 


| 
i 
v 


1 
~ 


El 


I i | t | 1 
-b i | i o | | I I 
T f T T 1 1 
« | | | | | 
| NI end of evaporation ] 


| ETE | | | 
| 


FX f 
|| Y—— cooling 
o 10 20 30 40 so 60 70 80 90 100 lo 
TIME OF DEPOSITION (secs) 


Z 
1 
| 
| 


DEFLECTION (cm.X 10 ^) 


Deflection against time for growth of LiF film on glass (rate of deposition 
20 &/sec). 


Figure 3, which shows the initial deflection as i i 

for two rates of deposition, illustrates that the dene su 
a function of the rate of arrival of evaporant. An analysis which i om 
later shows that this initial rise and the final quick change when eva; 3 n 
is stopped are due to heating. The effect of heating was avoided b us Ms 
measurements only after the deposition had been stopped and th m 
had cooled and stabilized. a estate 

Figure 4 summarizes the results obtained with di iti 
and glass or carbon substrates. The pde r us M E 
limited by the accuracy of the average thickness determinations es ecially 
values of thickness ess than 100A. Thisgavea + 10% e to the 
^ easure The eurves show little effect in the initial stages of 
of the presence of carbon. It can be 
only 2 ge 
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thickness. There is also a tendency for the stress in thick films (300 À) | 
to be constant with thickness. These curves may be compared with the j 
electron micrographs of films of LiF which are shown in fig. 5, for a rate of | 
deposition of 10 &/sec. Comparing with the stress curve for 12 A/sec rate of i 


position on carbon-glass it can be seen that stresses exist when the : | 
:ds are completely separate, and that an approach to a constant value 
stress corresponds to the film becoming continuous. 


Fig. 3 
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Deflection against thickness for growth of LiF films on glass at two different 
rates of deposition. 


Fig. 4 


n pom rra E ATI ed HERES | 
A—— 7S À 1 sec glass substrate. 

i ——-e--- 308! sec. glass substrate. — | 
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| ma 12 R/ sec. carbon on glass substrate. 
ot | 
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Stress against thickness for LiF films deposited at different rates onto glass or 
carbon-glass substrates. 
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"SS 
Fig. 5 


(a) (0) (c) 
Growth of lithium fluoride on carbon (rate of deposition, 10 4/sec). 
(a) 36 À thick ; (b) 180 & thick ; (c) 270 & thick. 


$4. Discussion 

It has been shown previously (Campbell et al. 1962) that the growth of 
lithium fluoride films, as shown by electron micrographs, is consistent with 
the initial formation of isolated cubic crystals which grow laterally by 
absorbing all the material incident on the substrate on their vertical sides 
and vertieally by retaining the material incident on their horizontal 
surfaces. Experimental curves were given showing the variation of JV, 
the number of islands /? against expected thickness, and from these curves, 
and using the above model, further curves were derived for the variation of 
l, the length, and A, the height of an average crystallite with expected 
thickness. The cross section presented by the crystallites along a line of 


length x (measured in microns) drawn at random in the film can be equated 
to the average thickness t by the expression : 


Slha/ N — at. 


Thus the stress S in a crystallite is related to the average stress S by the 
equation : 


St 
Km 


WX 


Figure 6 shows a plot of S against Ih using the stress data for a rate of 
deposition of LiF on carbon of 12 à /sec, and N, land h values derived from 
electron microscopy for the comparable rate of deposition of 10 A/sec. It 
can be seen that the crystal stress increases with increasing crystal cross 
section. Above an average film thickness of ~ 1004 (Ih~5 x 102 A?) the 
crystal growth will be modified by the crystallites to 
loses significance. This would correspond to the region 


- 8 already noted 
by Schulz (1949) in which fibre orientation in LiF films di 


sappeared. 
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Reasons for the stresses observed in metal films have been advanced by 
several authors. Murbach and Wilman (1953) have explained the stresses 
in terms of the thermal contraction of the cooling crystallites. Hoffman 
et al. (1954) have explained the behaviour in nickel films in terms of the 
reduction with time of the number of imperfections in the crystallites. 
Both these explanations may apply to lithium fluoride, though evidence to 


ve presented in the next section would discount the existence of a high 
sempse2bure surface layer in the substrate which is required by Murbach and 
Vili: (1953). Furthermore an explanation in terms of thermal con- 


cact.o2 should lead to a constant value of crystallite stress with crystal 


Fig. 6 
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LXh AVERAGE CRYSTALLITE CROSS SECTION (Rx Io*) 


Crystallite stress against average crystallite cross section, lh, for LiF deposited 
on carbon at 12 A/sec. 


Another possible explanation is that the initial crystallites have an 
anomalous lattice spacing. Halliday et al. (1954) and Rymer (1957) have 
shown that small crystallites of LiF have an increased lattice constant. 
It would thus appear that the crystallites could develop stress as they 
increased in size and take up a lattice spacing approximating more closely 
to the bulk value. 

The heating effect already discussed can be shown to be due to the 
latent heat of the depositing lithium fluoride vapour, compared with which 
both the heat derived from the molecular velocity and radiation from the 
source were negligible. It was also shown experimentally that radiation 
from the source was negligible by observing that there was negligible 
bending in a substrate irradiated by a hot empty crucible. 

It is possible to calculate the rise in temperature of the substrate with 
time as the LiF deposits, and fig. 7 shows a theoretical temperature profile 
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through the substrate after lsec of deposition at a rate of 62 A/sec. E 
heating was continued indefinitely the final temperature should. be 47 c 
above the surroundings with a temperature difference across the substrate 
of 0:034?c. 


0:63 


TEMPERATURE ABOVE AMBIENT (deg.C) 


0-62 o5 10 15 


-2. 
DISTANCE ALONG SUBSTRATE (cm.X IO ) 


Theoretical temperature profile through a substrate after l sec at a rate of 
deposition of 62 &/sec. 


The deflection due to the effect of heating of the substrate can be obtained | 
from eurves such as shown in fig. 2 by allowing for the deflection due to the | 
stress of the film. This deflection, after 1 sec, has been calculated for the 
case of LiF deposited at a rate of 62A/sec. The temperature difference 
that must exist across the substrate to give this deflection, given a value for 
the temperature coefficient of expansion of glass of 8-5 x 10-8 /°cand that the 
variation of temperature is linear through the substrate, has been calculated 
and is found to be 0-030?c. This compares with 0-017°c as obtained 
theoretically (fig. 7). 

It would thus appear that there is no high temperature surface to the 
substrate and that any heat pulse arriving at the surface is r 
pated (see Hoffman et al. 1954). The sensitivity of this meth 
substrate heating would allow for the detection of a 
thick approximately 100° above the surroundings. 


apidly dissi- 
od of detecting 
surface layer 104 ] 
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ABSTRACT 


The elastic moduli of both single crystal and polycrystalline magnesia were 
determined in the keps frequency range by a Forster-type resonance method. 
The values obtained at 25°c for single crystal are : c;,— 28-92, c= 8:79 and 
C447 15-46 X 10! dynes per em?. The calculated isotropie elastic moduli for 
polyerystalline MgO obtained from the single crystal compliances are in good 
agreement with experimental values measured on theoretical density (glass- 
free) MgO. Tho measured Young's modulus and shear modulus at zero per 
cent porosity are 30-50 and 12-90 x 10" dynes per em?, respectively. The 
results of the present work are compared with the earlier work in the mceps 
frequency range. 


$1. INTRODUCTION 


Tue three elastic stiffness constants and coefficients of synthetic MgO 
(periclase) single crystal were first reported by Durand (1936). Bhaga- 
vantam (1955) made similar measurements which show fair agreement 
with Durand’s data. Until 1961, although their values for c,, differ by 
4%, there was little reason to question these results and, in fact, many 
authors made use of the data. More recently Susse (1961) has reported 
values of s; which differed considerably from the two previous values. 

The purpose of this paper is to present a set of values for the elastic 
moduli of single crystal and polycrystalline MgO at 25°c and to provide 
scientific verification of their accuracy. Over 36 independent determina- 
tions on both single crystal and polycrystalline MgO were made in this 
investigation. 

Because of the conflicting data, determination of the single crystal 
elastic constants was desirable. In addition, a knowledge of the single 
crystal elastic moduli is required in connection with a study of sound 
velocity in polycrystalline aggregates of varying density and temperature. 
The present work began with measurements of Young’s modulus and 
shear modulus which were the basis of investigation on temperature 
variation of “isotropic elastic moduli’. The term isotropic as used here 
means that the elastic properties are independent of direction. Under such 
a condition, two elastic moduli are sufficient to describe the elasticity of a 
solid material. For strain-free glass, for example, Young's modulus and 
shear modulus are sufficient to describe the System of glass elasticity. 
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Similarly, the term is in a macroscopic point of view applied to a deme- 
formed polycrystalline aggregate in which grains are randomly Ciemabuted | 
with random orientation. The isotropic elastic moduli as a function of | 
temperature will be considered under a separate cover, with a pum | 
emphasis on a simplified method of calculating the Debye temperature from 
elastic moduli. = 

On the basis of the classical theory of elasticity, the crystal elasticity of 
the MgO lattice was analysed and the result was used to support the ota 
obtained. 


$2. EXPERIMENTAL PROCEDURE | 
2.1. Specimens 


j For single crystal work, measurements were made on two sets of th BE j 
i synthetic periclase crystals characterizing (100), (110) and (111) orientations | 
The crystals were obtained from the Semi-Elements, Incorporated, 4 
Saxonburg, Pennsylvania. The chemical purity of these crystals was | 
better than 99:9% MgO revealed by spectrochemical analysis. A typical 
analysis showed the following minor constituents: Ca 0:01%, Fe 0-01%, 
Si 0:005%, Al 0:001% and others less than 0:001%. The crystals were 
clear and no sub-boundaries were in evidence. 

For polyerystalline specimens, hot pressing was chosen as the means of | 
fabrication. The theory of gap-sizing and packing was practised in the 
fabrication (Crandall et al. 1961). The Specimens thus produced have a 
high degree of translucency in the visible range and densities reaching the | 
X-ray density. Eight such specimens were selected for the present investi- l 
gation. The specimens were ground and polished to provide rectangular | 
bars which were square with sides and ends parallel to within 0-002 cm. 
Determinations of densities were made by the displacement method using 
kerosene as the medium. The density values thus obtained were compared 
with those determined from both the mercury volumeter and the bulk 
measurement method. Agreement was found within 0-2% of the theoreti- 
cal x-ray density value (3:581 gperem? at 25?c). The chemical purity 
of these polycrystalline specimens was better than 99795 MgO. A typical 
analysis showed the following impurities: Ca 0:04%, Fe 0-02, K and Na 7 
0-297, Si 0:05% and others less than 0-00295. X-ray studies confirmed [ 
all specimens were composed of periclase. The mean grain diameter was 
4—5 p as estimated by means of the electron microscope. 


2.2. Experimental Method 

The Forster-type method of determining 
in this investigation. The method was originally described by Förster 
(1937) and recently by Chung (1961). Young's modulus and shear modulus 


were calculated from the flexual and torsional resonance frequencies, 
respectively, by the relationship : 


M=kWfr,?, 


resonance frequencies was used 
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whence M is the modulus, W is the mass of specimen, fg is the resonance 
frequency at defined mode of vibration and the constant k is a shape factor 
defining the system of vibrational mode. For a comprehensive treatment 
of the shape factor k, refer to the recent work of Tefft and Spinner (1961). 
For single crystal MgO the technical moduli (i.e. Young's modulus Æ and 
sh«cr modulus G) are related to the principal elastic coefficients (si) of the 
c: stal by: 


1/E im 83 — 2{(811 — $12) — 3544): T 0 


l/rm = Ssa 4((811—53) 384]: D - - - - + ) 
vore P= o2? 4- o2? + B5? and is a function of crystal orientation (Schmid 
axi Boas 1950). The inversion of the principal elastic coefficients (s;;) to the 
principal elastic constants (cj) is then performed in the usual way. 


$3. RESULTS AND DISCUSSION 
3.1. Single Crystal Data 
The measured technical elastic moduli are summarized in table 1. 
The elastic coefficients and constants are calculated from eqns. (2) and (3). 


They are given in table 2 along with values reported by previous 
y o oS 
investigators. 


Table 1. Technical elastic moduli of single crystal MgO 


Crystal Young’s modulus Shear modulus 
orientation (x 10-74 dynes per cm?) (x 10-" dynes per cm?) 

(100) 24-817 15-461 

(110) 31-636 12-1867 

(111) 34-892 11-3837 


+ These values are calculated from eqn. (3). 


Table 2. Principal elastic moduli of single crystal MgOT 


[5 [^ C4; S —919 S 
( x 10-1 dynes per cm?) (x 1012 Gu per dyne) 
Present data 28-917 8-796 15-461 0-403 0:094 0-647 
Durand (1936) 28:94 8-77 15-48 0:402 0:093 0-646 
Bhagavantam 28-6 8-7 14:8 (0:405) (0:095) (0:676) 
(1955) 
Susse (1961) (30-20) (10-10) (15-75) 0-399 0-100 0:635 


T All values at 25?c. Those values in ( ) are the a 5) i 
based on the original work. ) e authoris eomp auen 
Durand obtained his values based on the two crystal directions (100) 
and (1 10). The present author included three crystal orientations charac- 
terizing the (100), (110) and (111) directions of the MgO lattice. This 
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extension to the (111) direction provides two more methods of cross- 
checking the elastic compliances and, further, it should result in a better 
value of the elastic moduli. In the present data, the mean deviations were 
less than 0:1% for both sı, and s,,. The value of sıx is accordingly reliable 
to 0-8% which resulted from internal eross-checks by individual calculation 
of 5,9 from all the crystal orientations considered. 


It should be noted that the present work shows excellent agreement with 
Durand's work, which was done in 1936, at a high frequency range. Boeson- 
able agreement was found with Bhagavantam’s work except for the sear 
modulus on a (100) crystal. The present author finds that the valus e, 
differs by 7% which is much above the range ofexperimentalerror. $55.556 
data and the present data show appreciable disagreement. In Susie's 
work, she shows the uncertainty in the s}, value was about 2%. Tt is then 


obvious from the theory that the 2% uncertainty in s,, can result in any 
value of c,, and czo, since they are direct functions of s,,. 


Fig.1 
3483.1 138.4 
3468.6 1141.4 
3428.2 1150.6 
3387.5 1159.8 
3347.8 1169.3 
3309. | 1178.8 
32723 188.6 
3235.2 1198.5 
3199.0 1208.6 


(uo) 3164.6 1218.8 


M 2 o ork = o 
zn i; wd 9 o Oo 
Ej 2 ES Q o 2 Young's Modulus 
N N N NNN m in ki 
in kilobars 
= + = Q qt © o 
o M O mK N > 
t o o « 2 Shea 
3 g EM 9 5 9 r Modulus 


A stereographie diagram illustratin i i 
g the technical elast: i i 
of crystal orientations for MgO. EE 
To support the validity of the pres 
elastic moduli as a function of orientati 
values are given, in the form of a ster 


ent data, values of the technical 
on were calculated. The calculated 
eographie projection, in fig. 1. The 
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measured Young's moduli on (110) and (111) oriented crystals are, respec- 
tively, 31-636 and 34-892 x 104 dynes per em?; whereas the calculated 
values are 31-646 and 34-831 x 1011 dynesperem?. The significance of the 
theoretieal analysis is that one can calculate technical elastic moduli at 
any point which lies in a cube of the MgO crystal. Let us, for example, 
cxamine a crystal cut from the (120) orientation. The value of P (a 
“action of orientation) in the eqns. (2) and (3) is 0:16. Young's 

odulus and the shear modulus are then, respectively, 28:793 and 13-193 
x 101 dynes per em?. 


3.2. Polycrystalline MgO 


Young’s modulus and shear modulus as a function of bulk densities are 
given in figs. 2 and 3, respectively. The elastic moduli at low density 
points are taken from the reported values of Lang (1960) and Hanna and 
Crandall (1962). From these figures, one finds the isotropic Young’s 
modulus to be 30:50 and 12-90 x 10!! dynes per em? for the isotropic shear 
modulus. Experimental error in the measurements of the isotropic 
moduli was less than 1:59/ for all the polycrystalline specimens considered 
in this investigation. 

The effect of porosity on elastic moduli of solid has been studied by Mac- 
Kenzie (1950) and Gatto (1950). ‘These works will not be viewed in detail. 
It should be emphasized, however, that although size and shape of pore 
structure play an important role, a semi-empirical expression of type 


M=M (l aP OP) a ED 


can be used for expressing the effect of porosity on elastic moduli. JM, 
represents the poreless elastic modulus, P is the volume fraction of the 
pores and the constants a and b are slope constants which depend on shape 
and concentration of the pores assuming all the pores considered are closed 
pores. Since the expression assumes the sizes of the pores are the same 
and they are spherical in shape, a single set of the slope constants cannot 
account for the entire effect of porosity on elastic moduli. Limited work 
on alpha-alumina polycrystalline bodies has shown that the slope constants 
become larger as the pore shape departs from the spherical nature (Chung 
1961). The significance of the slope constants a and b is somewhat difficult 
to comprehend, but may be related to the distribution of stress around the 
pores. Since tensile stress does not exist normal to the boundary of the 
pores, it can be seen that a certain portion of the solid material is stress-free 
or at least stressed to a stress-level considerably below the value of the 
applied stress. Hence, the presence of the pore prevents a portion of 
the solid material from being stressed. With each pore there is then an 
associated net quantity of solid which is completely stress-free and the 
rest of the material is stressed to the value of externally applied stress. 
One can say from stress concentration factors for a spherical pore that 
this stress-free material is located just below and above the centre of 
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the pore in the direction of the applied stress. The applied stress is thus 1 
associated only with the quantity of the solid of volume described by 


(1—«P +bP?), 
where the quantity (aP +bP?) is the pore concentration and a quantity 
of the stress-free portion of the solid material. 


Fig. 2 
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Young's modulus of polycrystalline MgO as a function of densities. 
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(1) when a homogeneous strain is assumed and the averaging is over stress, 
the isotropic elastic moduli are simply some linear function of the principal 
elastic constants (c) of the crystal (Voigt method 1928); and (2) when a 
homogeneous stress is assumed and the averaging is over strain, the isotropic 
elnstic moduli are then a simple linear function of the principal elastic 
cc -cients (55) of the crystal (Reuss method 1929). Hill (1952) has shown 
tias, using the energy considerations, the Voigt and Reuss methods repres- 
5 the maximum and the minimum of true moduli for polycrystalline 
*^rvegates. He has suggested that a practical estimate of the polycrystal- 
= moduli should be the arithmetic mean of these two extreme values. 


Fig. 3 
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Shear modulus of polycrystalline MgO as a function of densities. 


Combining these three theories, the method of the averaging scheme will 
be called, hereafter, the Voigt—-Reuss—Hill approximationmethod. Table3 
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gives the averaged values of the single crystalline constants for polyerystal- 
line moduli in the manners described above. It should be noticed that the 


measured isotropic elastic moduli agree well with the caleulated moduli by 
the VRH approximation method. 


Table 3. Isotropic elastic moduli of MgO 


Voigt Reuss VRH Preser: 
method method method measurem-: ^ 
Meee Ier It aes | ee | 
Young’s modulus 31:049 29-979 30-514 30-50 | 
Shear modulus T 13-299 12.724 13-012 12-90 | 
Poisson’s ratio 0:167 0-178 0-173 0-18 


T All values in 10-? dynes per em?. 


Itis well recognized that MgO, like any other NaCl-type crystal, possesses 
a surface sensitive property by which mechanical behaviour of the material 
may be affected. For this reason, the following sub-experiments were 
performed. 

(a) Experiment 1. One set of the polycrystalline specimens was hot- 
pressed along the axis of initial cold-pressing direction, and the other 
normal to the direction of the initial pressure. Observation was made 
to support the contention that a directional property of polycrystalline 
MgO aggregate was negligible; i.e. a variation on measured elastic moduli 
along and normal to the applied pressure axis was less than the range of 
experimental error. : 

(b) Experiment 2. Two sets of polycrystalline specimens were prepared 
under a similar condition. One set was heat-treated (prior to determination 
of elastic moduli) at 660°c for 8 hours and then at 1040°c for another 
Shours. Determination of elastic moduli was made on the other set which 
were as hot-pressed. Variation on the measured elastic moduli was within 
the range of experimental error. 

Infra-red spectra studies on these specimens support the result of these 
experiments very well. The infra-red transmission data were obtained for 
hot-pressed specimens heat-treated at 600°c for 8 hours, heat-treated at 
1200 Cfor 8 hours and heat-treated at 1200°cfor 12hours. Tt was observed 
that the transmission troughs at about 10 microns are approximately the 
same for all four spectra, indicating that the heat-treatments have not 
altered the structure or vibrational mode of magnesium-oxygen. 
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ABSTRACT 


A deformation field due to a moving single dislocation is expressed by line 
integrals along the dislocation line. Proper definitions for a continuous distri- 
bution of moving dislocations and its velocities enable us to extend the 
expression for the deformation field due to a single dislocation, to the defor- 
mation field due to a continuous distribution of dislocations. The fundamental 
relationship between plastic strains and dislocation density tensors, and tho 
relationship between plastic strain rates and velocities of a continuous 
distribution of dislocations are determined from a formulation similar to the 
law of conservation of matter. Also it is found that a continuous distribution 
of dislocations must satisfy a certain boundary condition on the free boundary 
of the material. The relationship between the total strain, and the elastic 
and plastic strains, is discussed by referring to their definitions in the mathe- 
matical theory of plasticity. 


$1. INTRODUCTION 


Srress fields due to a given distribution of incompatibility have been 
obtained by Moriguchi (1947 a, b, 1948), and Kroner (1955 a, b, 1956, 1958) 
for infinitely extended materials, and by Mura and Kinoshita (1957) for 
finitely extended materials. They based their theories on the analogy 
between the incompatibility of strains and the incompatibility of stress 
functions. The relations between the incompatibility of strains and the 
Burgers vector due to a continuous distribution of stationary dislocations 
have been studied by Moriguchi (1947 a, b), Kondo (1949a, b, 1952, 1955, 
1959), and Bilby et al. (1955, 1956, 1958a, b,c). Bilby et al. (1958c) 
solved particular problems by using Nye’s formula (1953). 

The author commences his theory by deriving the deformation field due to 
a single dislocation in terms of line integrals along the dislocation. A 
proper definition of continuous distribution of dislocations enables us to 
extend the expression for the deformation field due to a single dislocation, 
to the deformation field due to a continuous distribution of dislocations. 
The line integrals for the stress field will therefore be transformed to volume 
integrals involving the density of dislocations. In addition to the stress 


T The research upon which this paper was based was supported by the 
Advanced Research Projects Agency of the Department of Defense, fimough 
the Northwestern University Materials Research Center. 
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field, this method enables one to discuss displacements and plastic Sel ns. 
The increments in displacements and plastic strains in this theory w i j A 
discussed by referring to their definitions in the mathematical theory o 
plasticity (Hill 1950). : > ; DEEP 

The continuous distribution of dislocations considered in this paper 
is changing with time rather than being in a stationary state. Honde 
(1960 a, b, c) showed the kinetic analogy between the contmuous distribu - 
tion of dislocations and the electromagnetic field, as first suggested 2y 
Kröner (1958). Later, Kondo and Amari (1961) showed the analogy bya 
different approach. However, integrations of the field quantities wove 
not obtained. Mura (1961) treated the same subject independently, 2:1 
obtained Maxwell’s equations in a manner different from that suggestec. 
Kröner, and closer to Kondo and Amari. It will be shown in this pay 2r 
that integrations of the field quantities are made possible by using Greer: : 
functions in a four-dimensional domain for space and time. This method « 
also convenient when the essential difference between discrete dislocations 
and a continuous distribution of dislocations is studied. 


§ 2. SINGLE DISLOCATIONS 


Let us first consider a single dislocation moving with velocity Vi. The 
stress field consists of an applied stress, 7,,, and the dislocation stress, o;;. 
Apparently, it is not sufficient to discuss the relationship between the 
applied stress and the path of the dislocation by the theory of elasticity 
only. However, ifthe path of the dislocation is given as a function of time, 
the time dependence of displacement, strain and stress can be obtained by 
considering the theory of elasticity only. The equation of motion is: : 

or (rut) bens A Ua t)- inD. 7 . . . (1) 
The notations ,j and . refer respectively to differentiations with respect to 
the coordinate x; and time t. Ujisthetotal displacement in the i direction 
and p is the density of material, which is assumed to be constant. The 
variable x in parenthesis is representative of a point whose coordinates 
are Xi, 45, 4. The specification of variables will be omi 
become obvious. 


: : : ; 
Hooke’s law, involving the elastic constants Cire is given by 


tted when they 


i ; Oj - Tj; = Cya pe Oc mde S e D ded (2) 
The dislocation stress disappears on the boundary of D, thus, yielding 
? » J i=) 

770m Ons) | a a (3) 
where n; is the j-component of the normal to the sur eno 

stress must satisfy the boundary condition: See Nie Og 


: P,=rn;, on |D], 
where (x, t) is the applied surface force, 
me oe dint should have a discontinuity b; (Burgers vector) 
Ul e p 8 c m which is bounded by the dislocation loop L(t), i.e 
ilst — Ulls- — b where St and g- are the positive and negative KE afr 


(4) 
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the slip surface S, respectively. The deformation field is easily obtained 
by the Green function, G(x —a',t—0). This method was used by Nabarro 
(1951), and it may be seen in Burgers’ works (19392, b) on a stationary 
dislocation (Eshelby 1956, and de Wit 1960). G,,,(e—a’,t—) is the 
displacement in the £-direction at position x and time t, produced by a force 
of unit impulse 8(1 — t) in the m-direction and applied at point 2’ and time t. 
[t satisfies, the equation of motion: 
Cay pom, it —2',t— t’) ar Sim (% a! as t— t) = pGi,,(& ms x, t= t) (5) 
whore ,,— 1 or 0 according to whether i=m or à zm, and 8(v—a',t—t) 
(x —a) 8(£—t) is a product of two Dirac’s delta functions satisfying: 


L Í 8(v—a', EU) f(a’, tU) dD! dt =f (2, t) TID) 
—-J D 


for any continuous function f (x, t), where the volume integral is carried out 
with respect to points a. The boundary condition is the condition of the 
free surface, hence: 

Cu s ioc t-um-0 on |D]. . . . . - (9) 
When the material is isotropic and infinitely extended, G;; is given by Love 
(1944) as: 


AmpGj (x — a". L—U) =(7) 3g [()-?8(L— 7|) — (0)?9( — ]0)] 


z r[c 

3) (0)-39—7]c) + ()7 | Dan) eee) 

Tila 
where 

a? =(A+2u)/p with Lame's constants A and p, 

? = blp, 

T =X; — 2%), 

F ={(x1— t1) + (vs — ta)? + (23 — 88 7, 

E 

à =Dirac’s delta function. 


When the material is finitely extended, G;; consists of (8), and anadditional 
homogeneous part, in order to satisfy (7). The homogeneous part has no 
singularities. It should be noted that Gi; = Gy. 

Tn order to obtain a formal solution for (1)-(4), with the displacement 
discontinuity on S(t), the following identity is considered : 


Cj iU r, (e's U) Gin, (% E xi, t= t) = Ciji rem, i m dafs [— t) U; ile t). (9) 


'The identity is based upon the symmetry of the elastic constants Cui 
(ie. C; Cj). Theidentity is integrated over D with respect to 2'-point. 
Application of Gauss’ theorem to the integration leads to: 


= [ost (G5, 08; + ie CiU r, i65, ID” 


$ f Oren CSE Í Orebem yT o + (00) 
where dS,’ is the j-component of a surface element, and Gim ;= — O(Gin)/0%; . 


P.M. 3K 
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The first terms on both sides of (10) involve surface integrals over m I 
S(t’) and the negative surface of S(t’). Since U (a^, t’) has a HET | 
b; on S(t’) at time ¢’ and the integration on |D| vanishes according to co! 

tion (7), the first term of the right side of (10) becomes 


p ^ 
| Cii km, bi dS; 3 
sw) 


The surface integral on the left side of (10) will be left with the TE cedi 
|D| only, as the contribution from S(t’) vanishes, due to cong y o: 
tractions on that surface. Using the boundary conditions (3) and (4), Ans 
the equations of motion (1) and (5), eqn. (10) can therefore be re-written : 


| -| Ft) Oml, tids + Í pÜ (a, t)Gu o — 8, EL U) dD" 
| Ini D 


= | Ci rm (e — 2, tb, dS, +f pi, (o — a t—t')U(2', t) dD" | 
S(t’) D | 
-| 8;,9(u—2', E— tU) U(x, t') dD". DN S ^ ^ (11) 

D 


When the last equation is integrated again with respect tot’ over the whole 
time domaint, the last term on the right side becomes — ôimU;(x, t) from (6). | 
The second terms on both sides yield, upon integration by parts with 
respect to time, and making use of Gin =Gim =0 ati = + o: 


i | pU,G,, dD di = Í | UC, dD" dt’, 
—2J D D 


zs (12) 
Í | pO, U, dD’ dt’ = Í Í pU,G,, LD dt. 
=J D —eJ D 
and therefore cancel out. 
Consequently, eqn. (11) yields: 
Um, t) -Í Í Cj tom, (5 — 27, t— t); dS; dt 
=a Sq) 
f +] Í F(x,UG(r—a't—-U)dS'd. . . . (33) 
—ed |D| 


If S(t) is independent of t, the problem becomes a static one as far as 
dislocation deformation is concerned. As a matter of fact, the statical 
solution is obtained by using the statical Green function Grm =r’), 


which is the displacement due to a time independent unit concentrated 
force, and hence : 


ula!) [ Gim(% — 2, t=’) dt’. O EEO (14) 


The elastic strains are obtained by taking the derivatives of U,, with 
respect to the proper coordinates as follows : x 


RE 


{Since all the integrands are zero for >t from 


reduced to —oo <t «t. (8), the domain can be 
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o» 
But) = | | ; CnC ken in (t — 27, b= tbid Sy d 
—o J S(t’) 


+f { PX) Gim, (v2 ,t—t)dS dé. . . - (15) 
—ov4 |D| 


he terminology, ‘strains’, used in this paper always refers to asymmetric 

«ins, and the usual strains are obtained from them by 1/2(Bnm + Bmn)- 
T5 can be seen from (15) that the dislocation stress and the applied stress are 
-»rable. These stresses are given by multiplying each term in (15) 
by she elastic constants : 


on 


Ong (x, t) = (ron Í CijiiC km, tal& us Cue = t^)b, d$; dt’ 


— w J SQ) 


Tyas!) = Coons | |, PAO Gimpet A. Q8) 
-o D 


T'he first terms of (13) and (15) shall be referred to as displacement due 
to dislocation and dislocation elastic strain, respectively. They are 
elastically independent of the applied force. The second terms of (13) and 
(15) shall be referred to as the applied elastic displacement and strain, 
respectively. The dislocation elastic strain and the applied elastic strain 
are related to the stresses by Hooke’s law. 

When the applied load is released to zero, the applied elastic strain is also 
released to zero after a time interval. However, the dislocation elastic 
strain is not released to zero as long as the slip plane S(t) does not change 
during the unloading. It takes a stationary value after a sufficiently long 
time if the material is infinitely extended. The situation can be realized 
by inspecting the physical meaning of the first term of (13), or more simply 
by inspecting integral: 


| Í LEES. QU 
—c J S(t’) 


It is proportional to the ij-component of stress, produced at point v by a 
distribution of unit forces applied at points 2’, i.e. on the slip surface S(t’). 
Tf S(t’) remains constant during unloading, (17) obtains a stationary value 
after a sufficiently long time. The applied elastic strain is reversible, but 
the dislocation elastic strain is not reversible if it is assumed that the slip 
plane does not change during the unloading process. 

In order to describe the total deformation (total strain) of material, 
eqn. (15) isnot complete, since the discontinuity on the slip plane contributes 
additionally to the deformation of the material. This is extremely 
important when the material has numerous dislocations. One of the 
several purposes of this paper is to find the complete expressions for 
deformation of a material with numerous dislocations. Actually, the 
history of the slip planes with respect to the loading process should be 
approached by a method of minimization of the total free energy, as m 
Griffith's theorem on the propagation of micro cracks. The variational 
principle involved here will be discussed in another paper. 


3K2 
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Another purpose of this paper is to express the displacement. Moesian i 
elastic strain, and stress due to a single moving dislocation, by line eee ; 
along the dislocation loop. Such. line integral expressions were found by 
Peach and Koehler (1950) for a stationary dislocation. When the line 
integral expressions for a moving dislocation are found, the eto 
field due to the continuous distribution of moving dislocations may be 

obtained easily, as will be seen in the next section. a 
The line integral expression for the dislocation elastic strain is: 


CS | f enyn Orm (t — 2, C 0 brdin d' 
=% J L(t’) 


| j pCln(e—2't—U' bienn V tal,’ dt’, (18) 
s L(t’) 


—00 
where dl,’ is the h-component of the line element of the dislocation, and | : 
is the l-component of the velocity of the dislocation. €yj, is +1 ifn, j, 
is an even permutation of 1, 2, 3, and — 1 if it is an odd permutation, and is 
zero in other cases. The equivalence of (18) and the first term of (15) can 
be proven by considering the equality : | 


| asy'= 4 sep SUN] om uer r9) | 
AS L 


where AS is an increment of S(t’) with respect to a time increment Al’, 
and by applying Stokes’ theorem to the first term of (18)t. It is seen that 
the increment of slip surface is expressed by a vector product of the disloca- 
tion line and the velocity. The applied elastic strain can be simply added 
to (18), if necessary. ‘The line integral expressions for the dislocation 
stress o, is obtained simply by multiplying expression (18) by the elastic 


y k Y 
constants Cy ann: 


Since the line integral expression for the displacement due to dislocation 
is rather complex, the time derivative of the displacement is presented 
first : 


————- 


U, (x,t) = | E $. Cis i l= t, tt bienn Vnt) dl, dt’. (20) 

It is well known by means of the fundamental theory of dislocations that | 
the dislocation elastic strain and the dislocation stress are single-valued 
on the slip plane, although the displacement is multiple-valued. In the 
case of a moving dislocation, it can be said in addition to the above, that 
the velocity of the material, (20), is single-valued on the slip mss 
; The reason is that the time derivative of the discontinuity capiat 
U nist — Umls-=by, becomes zero when U,, is considered at roti 


excluding the dislocation position. At the dislocati ae un 
Ur ation posit a Lies 
of the field become infinite. position all quantities 


In order to illustrate expression (20), 
motion of a screw 


p Dis 0), an example is taken from a uniform 
islocation in an infinitely extended isotropic material. 


oe cM ee ee 
tailed Sa = - 
of os ed proof is given in the Appendix, together with a derivation 
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Let the dislocation line be parallel to the z direction, and the slip plane be 


the z-x plane. Then (20) yields: 
Urso SURE 


LI 
Us (wt) = #65, | 
Substituting (8) and integrating with respect to z' leads to: 
x 7 "oo D 
Une AT oe 
2m pc dy} -o VEU- E- (va) -y 
'h the convention that the integrand is zero when the root becomes 
Luaginary. Since z'— V,t', the integration can be easily carried out, 


y-ciding : 


| Gs o(u — x’, t— tU) dz dt’. 
—00 


—0 


7 (V, yv U= Vèi?) 
U;(x, t) — YEN DNO 
2g (x— Vt? (1 — Vy? /c?)y? 
The above expression yields the well-known solution founded by Frank 
(1949): 


b ya/(1— V2 lc? 
U,(x, t) = ba scil rer. 


$3. CONTINUOUS DISTRIBUTION OF DISLOCATIONS 
A continuous distribution of dislocations can be defined by the tensor: 
CSUN o o © 6 5 0 o 6 (21) 
where n represents the number of dislocations in the direction of the unit 
vector v, each with the Burgers vector b, crossing a unit area perpendicular 
to v at an arbitrary point. If there are other sets of dislocations present 
with different values of n, b, and v, the total a,; is obtained by summing 
the values of nb;v, for all the sets. The form «,; implies that any state of 
dislocations can be produced by combining nine sets of dislocations with 
their lengths and their Burgers vectors arranged parallel and perpendicular 
to the coordinate axes. This definition was first used by Nye (1953), 
and the tensor «,; has been named the ‘dislocation density tensor” by 
Króner (1958). 
To describe the time dependence of the continuous distribution of dislo- 
cations, a tensor Vj, will now be defined as: 


Ving RV bon 2s 0*9 ee ere oe) 


where V is the velocity vector of the set of n dislocations defined in (21). 
Tf there are other sets of dislocations present with different values of n, 
b, v, and V, the total Vj; is obtained by summing the values of nV brn 
for all the sets. The tensor Vj; shall be called the dislocation velocity 
tensor. It is similar to the ‘ Versetzungswanderungs' tensor defined by 
Kröner (1958 and private communication). 

Multiplying (21) by the volume element dD, which is formed by an area 
element dY, normal to v, traversing a distance dl along v, we obtain : 


od D = nbd a, a MEET (2°) 
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where dl,—v,dl. Multiplying (23) by an arbitrary function f yields: 
fe,dD-fnbdld».. - . a (24) » 
'This can also be written as: 
f= fb cecus. s s (29) 
by taking the summation with respect to all dislocations crossing d. 
Summing up (28) for all sets of dislocations, and integrating over the domain 
D, leads to 


NS X $ fodh, WOO MM 
D alldisl./ L 


where œp is now the total dislocation density tensor. In the same waj’, 
multiplying (22) by the arbitrary function f, and the volume element di, 


leads to : à 
d Wig ato t (pur i 
Integrating over the domain D results in: P 
Í aD > d P E c E] 
D all disl. J L 
where V, is again the total dislocation velocity tensor. 
Let the dislocation density tensor change by an amount &,; per unit time. 
| The rate of growth can be considered as the result of the motion of hi-type 
dislocations moving through the boundary of a surface normal to the 
h-direction. As only the velocity component normal to the boundary can 
contribute to the growth, 
I Pen: Vndl ee (29) 
where dS is a surface element and dl a line element of the boundary of the 
surface. This formulation is similar to the law of conservation of matter. 
| Appplying Stokes' theorem to the right side of (29) leads to: 
| | € En US 5 o 6 o o 2 (30) 
Comparing the left side of (29) to (30), we have: 
t : : : a= TA Emn Vma) OC AMO) VUA 5 5 (31 ) 
m Nu equivalent to a flow law between the rate of density tensor 
anc ie velocity tensor. The above formula can also be written as: j 
Ohi = — Enk en sich, AS 9 | 
by defining S mana e ea 1 
; ! 
But = Sol ee OX D RO REL REDE (33) ; 


Pri* can be understood to be the ki -component of the 

since it is the produet of the density of mi-type dislocations and their 

velocity components in the m direction, where the n,m and k disset "us | 

mutually perpendicular. For example, £,,* = Visi — Va, implie dee do ! 

nee slope per an time caused by slip in the Um e UR i 
y the hgure 1s caused by the x-direction moti i à 

length and Burgers vector are in the E n oa M due 


plastie strain rate, 
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respectively, and the z-direction motion of the dislocations whose length 


and Burgers vector are in the x-direction. 
The integration of (32) with respect to time leads to: 


One = — eui, ep ucqexckue eu s (45) 


t 
ani= | àn d, | (35) 


t 5 
Brit = Byi* dt, | 


=% 


by defining 


Illustration of an asymmetric plastic strain rate. 


where B,.;* is referred to as plastic strain. Tt is assumed that the material 
was a perfect crystal at t=— co. Usually all quantities defined for the 
time interval — œ < t < 0 depend upon the mechanical history of the given 
material Equation (34) was found by Kroner (1958) by a different method, 
and the related geometry has been discussed by Kondo, and Bilby et al. 


§ 4, DISPLACEMENT STRAIN AND STRESS 


Tt now becomes relatively easy to find expressions for the displacement 
rate of the material and the dislocation elastic strain due to a continuous 
distribution of moving dislocations. According to (26) and (28), the 
displacement rate can be obtained directly from (20): 


Un (2, t) -Í | diis iO tH) inn nr t’) d.D' dt, (36) 
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and the dislocation elastic strain from (18): 


Bn "m t) ET | | Ej nC iii hem, Ue A qus t= talt, t) dD’ dt’ 
J-J D 


ij | | pO, (x — a tt Jen Vim t) LD' dl. B ^ (37) 
J -o4 D 


As shown later by (39), the time derivative of (37), Sam» is not equal tol Pe 
They are equal to each other only when discrete dislocations are considered 
as seen from (13) and (15). "The dislocation stress is, of course, 

(38) 


Sng Fa, Cran debe 
According to the mathematical theory of plasticity (Hill 1950), the tota! 
strain increment consists of the elastie strain increment and the plastic 
strain increment. Ignoring the strain due to applied stress, which could 
simply be added later, the elastic strain increment is £,,,(v,/) d. As the 
plastic strain increment is £,,,,*(x, t) dt, and the total strain increment can 
be expected to be U,, , (x, /) dl, we should have: 
On, n 7 Dun Aso" 
Um n = nm T o } 
As a matter of fact, the above relationship can be proven, provided the 
following boundary condition is applied: 
eu h= on|Di, . =... . . (40) 
where n is the unit normal to the surface. The physical meaning of condi- 
tion (40) will be explained first. When £,;* has different values in two 


domains, (1) and (2), which are bounded by a surface, Bilby (1954) 
defined the surface dislocations as 


Pee MPa = Pia? My e lu. (41) 
OH, — i» 
where (2) and (1) represent the quantities defined for the respective 
domains on the surface, and mis the l-component of the unit normal to the 
surface, directed from (1) domain into (2) domain. T} 
follows directly from (34) by taking the finite difference normal to the 
surface, instead of the differentialt. Since expression (41) vanishes when 
h=l, surface dislocations must lie tangentially on the surface. From the 
analogy with (34), expression (41) is associated with hi-type dislocations 
If the surface of discontinuity is the free boundary |D] of the material the 
(2) domain can be taken to be the Space outside the material. We can 
therefore make B kn =0 Py = Bu* on |D|. Condition (40) thus prohibits 
surface dislocations to occur on the free 
constraint. 

In order to prove (39), eqn. ( 


or (39) 


us definition 


surface |D], which is a reasonable 
i 36) can be written with the aid of (33) as: 
Uv; t) = ie Ir Ciji y (8 = a t— t')B;*(x'; t’) dD! dt’ (42) 


T Kröner (1958) has discussed the plastie strains 


dislocations. associated with surface 
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or, by integrating by parts with respect to t’, 

Unli, t)=— Í | Cin ys, (v—2',t— UB, )dD' dt. (43) 
-2J D 

Upon integration with respect to /, we get: 


U,, (x, t) = -[ | Ci pm, (o ttt) pt) AD dt’. (44) 
J -aJD 


^ the same way, the dislocation elastic strain (37) can be transformed by 
(33) and (34) to: 


ees 

5 — Y Y * L 1 

Bue t) = — | | EnjnCdiaCenepanealp so ae 
E] D 


=| [ pnb arana o a - . . (uj 
J -oJ/ D 


fu the expressions (42)-(45) the dislocation density and velocity tensors 
lave been replaced by the plastic strain and strain rate. The first term on 
the right side of (45) can be integrated by parts with respect to 2’, yielding : 


"oo ^ 

Y Y * 1 , 

TT | | j €njnC iji km, i£pauDqi ds p dt 
|D 


—00 y 


ga { | 5 €nj aC ij km, tp €pauBqi* dD’ dt’. 9 IARR (46) 


The integral on |D| vanishes according to (40). Therefore, (46) becomes, 


upon substituting €,;,€54; —9,,9;,— 95495); 


ET | | Cii om, in Bir 4D aa | Í Ci rm, vent ED dt. (47) 
a) D — 00 D 


Comparing the first term with (44), it can be recognized as U,, n while the 
second term can be re-written according to (5): 
J Í ( > 85, 8(& a x, t= t’) + pin) Bni" aD’ dt 
=.) D 
a = soo E + | | PGimBni® dD’ dt’, NS. (48) 
=o J. D. 


where the last term was obtained by integration by parts with respect to 
t. Therefore, we finally have: 


Panle ? mr Í Í CijiiG km in(® E x", t= EBs la, t) aD! dt’ — Bu (2, t) (49) 
—oJ D 


and eqn. (39) has been proven. ; 
It should be noted that the total displacement as given by expression 
(44) is not multi-valued, as in the case of a discrete dislocation, and U m,n 
can therefore be understood as the total strain for a continuous distribution 
of dislocations. The plastic strain 8,,* appears in the formulae for the con- 
tinuous distribution of dislocations, instead of for the discontinuities on slip 
surfaces for discrete dislocations. It should be noted that in the equations 
for a continuous distribution of dislocations, the plastic strain has replaced 
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the discontinuity of displacement on the slip surface in the corresponding ; 
equations for a discrete dislocation. Asa matter of fact, when the expres- 


. PP D A 
sions for the displacement field are compared, i.e. the first term of (13) and 
(44), the slip amount ( — 6,18) for a single dislocation corresponds formally 
to B,*dD’ for a continuous distribution of dislocations. 
$5. Discussion 
The displacement (44) could be obtained directly by integrating the 
identity : 
CigByuG sU), (9 — a, L- 0) 
= Cg a ou T UB), TUE EET (90) 
with respect to x’ and t’. Application of Gauss’ theorem to the volume 
integral over D and referring to (39) leads to: 
"0 a5 : 00 : : 9 
=| Í Cj By Gi, OS; di «| | Ciis, Fim ID" dt 
=% J |DI -2 J D 
-Í | Ci rm Ui asy dr + | [, CG rm yU dD dt 
coe Di -9 D 


= | | Crerar oD cuu (61) 
-0 D 


The first terms on both sides of (51) vanish due to boundary conditions 
: (3) and (7). Substituting from (1) (with 7,70), and (5) in the second 
| terms on the left and right sides, respectively, and integrating by parts 
with respect to ¢’ will yield 


o=- | Í Cis rm, Bj CD" dt 
-oJ D 


which is identical to (44). The dislocation elastic strain (49) could now be 
found from (39). 

It remains to show that the solution satisfies the equation of motion, 
(1). The dislocation stress is : 


oo " 
E =— * k 
Ong Oran | | ‘i C oam Cit tem, mB jt dD‘ dt' — Orrin oko (52) 
—00 


Differentiating with respect to t, and employing (5), we have: 


[^2] ^3 
Tng, q= | x | D CopmnC jal rm, nahyi” dD’ dt’ — C 


B, 
m Dpqmni*nm, q4 


=e I. | D CisnPC en, 1 — 9,58 Bye" dD’ tr — (0 


nann Eam, q 


= =p | ? ie CnC ep, iBj;* d.D' dt | | CrinDrpSBji,1* ED" dt! 
[3 =o D à 

= stieg eis 

The last expression was obtained b 

to Gauss’ theorem. The first term 


term becomes CijpiBji j* 


ve m (53) 
y integrating the term with 8 according 
t is equal to pU , from (44), and the second 
Which cancels out the last term. 
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From the above discussion one can see that a deformation field due to a 
continuous distribution of dislocations is equivalent to the deformation 
field due to a given distribution of inelastic strain B;*, if B;;* is specified by 
relations (34) and (33) in D, and (40) on [D |. 

In the foregoing work, we assumed a continuous distribution of Bj*. 
If there exists a discontinuity of B,,* on a surface S, we have to consider an 


additional deformation field due to the discontinuity B;;* — B;;* on the surface 
e m €» nb . 
The discontinuity can be represented by the surface dislocations 
. as defined by (41). The additional elastic strain due to the surface 
zs'9eations is 


is] 
[ I esa C gu rm (t Ttt an dS dl, . . . (64) 


which ean be added to pm in (37), since the surface integral over S of the 
first term of (46) becomes equal to the negative of (54), when the integration 
by parts of B,,, is carried during the transformation from (45) to (46). 
Other important equations, (36), (39), (44), and (49), remain unchanged. 

When a continuous distribution of stationary dislocations is considered, 
the static Green function (14) replaces the kinetic Green function and the 
time integral. The displacement field derived in that manner agrees 
with that obtained by Mura (1954) and Indenbom (1959), and the dislocation 
elastic strain becomes identical with that obtained by Kröner for an 
infinitely extend and isotropie material. 


APPENDIX 
The equivalence of (18) and the first term of (15) can be proven as follows. 
Applying Stokes' theorem to the first term of (18) leads to: 


-Í [ En qn€ngnCijta km, labi dS, dt’. oto (A 1) 


=% J S(t’) 


Since epqnEnjn —95,9,; —9,9,,, the above expression becomes 


x | | Cigna rem, iibi dS, dt + | | Cis C rm nbi dS; dt’, (A 2) 
—od S(t’) =od S(t’) f 
The second term of (A 2) is equal to the first term of (15), while the first 
term of (A 2) can be written from eqn. (5) as: 
- | | PË imbid Sp dt’, uc. 039) 
=o% J S(t') 


since à(v—2', t—1') vanishes if the t-point is not on the surface S. In 
order to show the equivalence, it is sufficient; to show that the sum of the 
second term of (18) and (A3) is zero. As a time increment of the slip 
surface AS can be considered to be the vector product of the velocity and 
the line element of the dislocation, namely : 


| NS ea Vidina  — . (XJ 
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the sum of the second term of (18) and (A3) can be written as: 


i pO. b, dS", dt! — | | pO bs, dí. . . (AS) 
—9J AS/At’ -0J S 
The above can be rewritten 
ee | pubas, | dro. CEU SAI) 
—e di |J. s 


since (,, — — 0G, [0!' and G,,,=0 at /'— oo and — co. Thus the equiva- 
lence has been proven. : 
The equivalence of (20) and the time derivative of the first term of (18) | 


can be proven as follows. Using relation (A 4), eqn. (20) can be written as : 


0, | | GG Nd us tA") 
J =o J AS/At’ 


= Í al | onim hasy | d= | | Cj Gs b; dS di! 
—56 dt S(t’) ; —o J ASIA ; 
zs | | ORO ee BIS lig Sie ci (AB) 
—% S 


and therefore eqn. (A 7) yields: 


d | | GG onan = = eu 1 
J =o Ay 


proving the equivalence of (20), and the time derivative of the first term of |. 


(13). i 


ACKNOWLEDGMENTS 


An acknowledgment is made to Dr. E. Kröner, who kindly read the 3 
manuseript and offered useful suggestions, especially for the definition of 
the dislocation velocity tensor. In addition I would like to thank the 
referee for his helpful advice during the revision of the paper. 


REFERENCES 
ss s 1954, Defects in Crystalline Solids (London: The Physical Society) 


Brey, B .À k et al. 195 D; Proc roy Soc A 231 263; 1 56, J UG 236 481 
CR : B . . , 3 5 9 6, b ih. " B 

1958 a, Ibid., 244, 538; 1958 b Ibid. 247, 92; 1958 e, Acta Met 6, 29 

2, D D > K ES J. 


Pace soe a, Proc. Kon. Ned. Akad. Wetensch., 42, 293; 1939 b, 
Dr Wir, R., 1960, Solid State Physics, 10, 249. 
Esnerey, J. D., 1956, Solid State Physics, 3, 79 
PR NO E phys. Soc., Lond. ‘A, 62 131 
| ILL, R., 1950, Mathematical Theory of Plasticity (Oxford: Clarendon Pres 
Y ; Y S ress). 

Be io oe Czech. J. Phys., 10, 409; 1960 b, Ibid., 10, D 

INDENBOM, V. L., 1959, C.R. Acad. Sci. U.R.S.S., 128, 906 


e niet E SS 


| 
$ 
à 
| 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Continuous Distribution of Moving Dislocations 857 


Koxpo, K., 1049 a, J. Jap. Soc. appl. Mech., 2, 123; 1949 b, Ibid., 2, 146; 
1952, Proc. Jap. nat. Congr. appl. Mech., 2, 41; 1955, Memoirs of the 
Unifying Study of the Basic Problems in Engineering by Means of Geometry, 
Vol. I (Tokyo: Gakujutsu Bunken Fukyu-kai); 1959, Zbid., Vol. LI. 

KoxDo, K., and Amarr, S., 1961, RAAG Research Notes, No. 42. 

SRONER, E., 1955 a, Z. angew. Phys., 7, 249; 1955 b, Z. Phys., 142, 463; 1956, 
Ibid., 145, 424; 1958, Kontinums Theorie der Versetzungen und Eigens- 
pannungen (Berlin: Springer-Verlag). 

Love, A. E. H., 1944, The Mathematical Theory of Elasticity (New York: Dover 
Publications), p. 305. 

'RIGUCHI, S., 1947 a, J. Jap. Soc. appl. Mech., 1, 29; 1947 b, /bid., 1, 87; 1948, 
Ibid., 1, 175. 

RA, T., 1954, Dissertation, University of Tokyo; 1981, Bull. Amer. phys. Soc., 
6, 521. 

Mora, T., and Kryosuira, N., 1957, J. Jap. Soc. Aeronaut., 5, 7. 

N: uaRRO, F. R. N., 1951, Phil. Mag., 42, 1224. 

Nye, J. F., 1953, Acta Met., 1, 153. : 

Puacu, M. O., and KoEnrzn, J. S., 1950, Phys. Rev., 80, 436. 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


—— 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


[ 859 ] 


Surface Damage on Abraded Silicon Specimens 
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ABSTRACT 


Single erystal Si specimens have been unidirectionally abraded, the abra- 
sives ranging from 0-25 micron diamond to No. 240 SiC paper, and examined 
by transmission electron microscopy and standard metallographic methods. 
The investigation showed that the damage varied in a progressive manner 
with the severity of the abrasion treatment, ranging from rows of single 
dislocations to bands of both dislocation networks and cracked material. 
The corresponding depths of damage ranged from approximately 0:2 to 
24 microns. Anisotropy of damage occurred for the fine abrasions (often 
termed polishing), but was not observed for the coarse abrasions. When 
abraded specimens were annealed, the dislocations changed their configuration, 
and new dislocations propagated in order to relieve elastic strains. A quali- 
tative description of the abrasion process for Si based on the results of the in- 
vestigation is given. 


$1. INTRODUCTION 


WHEN semiconductor specimens are subjected to mechanical treatments, 
e.g. sand-blasting, grinding, lapping, abrading, polishing, etc., the surfaces 
are damaged (for a review see Buck 1960). The depth of such damage has 
been determined by measuring the variation of the surface recombination 
velocity with distance below the surface (Faust and McKelvey 1953 
Buck and McKim 1956), by measuring the variation of the etching rate 
with distance below the surface (Camp 1955, Faust 1957 1958), and by 
examining etched metallographic taper sections (Pugh and Samuels 1961 
1962). The depths obtained ranged from approximately 1 to 50 microns, 
depending on the severity of the treatment. The nature of such damage 
has not yet been completely resolved. Some investigators (Hopkins 1955 
Baker and Yemm 1957, Faust 1958, Allen 1959) coneluded that dislo- 
cations were present, while other investigators (Prussin 1961 Pugh and 
Samuels 1961, 1962) concluded that the damage oxi rcc of 


E 1 Qm at Cavendish Laboratory, University of Cambridge, Cambridge, 
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cracks. However, it was generally agreed (Faust 1958, 1960, Dash 1959 
Pugh and Samuels 1961) that dislocations formed when semiconductor 
specimens with damaged surfaces were annealed. 

We have used the transmission electron microscope method and standard 
metallographic methods to investigate the damage associated with abraded, 
and abraded and subsequently annealed, Si specimens. In this manner, 
the nature, distribution and depth of damage for such specimens were 
directly determined. Some preliminary results have recently been 
reported by the authors (Stickler and Booker 1962 a, b). 


§ 2. EXPERIMENTAL 

The material used was high purity (50 ohm em), Czochralski-grov-- 
single-crystal Si. For the electron microscope examination, (111) 
^i slices approximately 5mm by 3mm by 1 mm (0-040 in.) thick were 
eut, lapped to 0-7 mm (0-028 in.) thick, and chemically polished with 
CP4T to 0-4 mm (0-016 in.) thick. The surfaces of the slices were then 
considered to be free from mechanical damage. For the metallographic 
examination, the preparation was similar except that the final chemically 
polished slices were approximately 10 mm by 6 mm by 1 mm (0-040 in.) 
thick. These latter slices were then mounted in standard metallographic 
mounts with the plane of the slice parallel to the surface of the mount. 
Both kinds of specimen were unidirectionally abraded on one side, 
mostly along either the [110] or [112] directions. The abrasions were of 
two types. Fine abrasions were performed on a rotating cloth pad using 
either 0-25, 6 or 15 micron diamond particles in a slurry with kerosene as a 
lubricant}. Coarse abrasions were performed on a rotating wheel using 
either No. 600, 400 or 240 SiG papers with water as a lubricant. In all 
instances, the linear polishing speed was approximately 350 cm/sec, the 
abrasion pressure was 200 g/cm?, and the abrasion time was a few minutes. 
Some of the abraded specimens were subsequently annealed at either 
850°C or 900*?c for 1 hour in a hydrogen atmosphere, and cooled in the 
furnace. 
For the electron microscope examination, the specimens were thinned 
from the unabraded side by a jet chemical polishing method (Booker and 
Stickler 1962 a). The resulting specimens were mounted on a tilting 
een stage, and the thin portions were examined in transmission in an 
Bee y DO cepe ony progressive 
uor E Rm > Were prepared by Standard 
polishing and etching proce, ures, and studied with an optical microscope. 
The distance of individual sections from the original specimen surface was 


t 200 cm? HNO, : 120 cm? HF : 120 cm? 

i Some of the fine abrasion treatments Moonee 
pad, are often referred to as polishing ra 
results of the present investigation showe 
between polishing and abrading. 
of definition, all of the treatments u 


€-g. 0-25 micron diamond on a cloth 
ther than abrading. However, the 
d that there was no sharp distinction 
Consequently, in order to avoid difficulties 
sed here have been termed abrasion, 
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measured by focusing optical microscope method to an accuracy of +1 
micron. 


$3. RESULTS 
3.1. Fine Abrasions 

` all of the fine abrasions, the arrows in the micrographs and dia- 
coos illustrating the damage (figs. 2 to 5) indicate the abrasion direction. 
‘Mo. sover, it was found convenient to orient these figures in the same 
ev cteilographie manner, the convention adopted being that of fig. 1 (a). 
Honce, for all of these figures, the (110) and (211) directions lying within 
she (111) specimen plane are those shown in fig. 1 (b) and (c) respectively. 
"'yansmission electron micrographs of specimens abraded with 0:25 
mieron diamond in the [110] direction showed the damage to consist of 
shallow surface grooves and short dark lines (figs. 2 and 3 a). Most of 
the dark lines were oriented along the abrasion direction. Specimens 
abraded with 0-25 micron diamond in the [112] direction were similar 
(fig. 3 b), except that many of the dark lines now ran perpendicular to the 
abrasion direction. These latter specimens often showed in addition 

damage in the form of small dark patches. 

For both kinds of specimens, the dark lines tended to be oriented 
along (110) directions (fig. 15), and were the order of 1000 À apart. 
Tilting of the specimens in the electron microscope caused the dark lines 
to change contrast in the manner described by Hirsch et al. (1960), 
establishing that the lines were dislocations. On the other hand, the 
small dark patches did not behave in this way, and it was concluded 
that these patches were either surface structures arising from small pieces 
of material chipped away from the surface during the abrasion process, 
or small areas of cracked material. The nature of the damage is 
summarized in the table. 

Annealing of 0-25 micron diamond specimens abraded in the [110] 
direction caused the dislocations to change their configuration (fig. 3 c). 
Some joined up to form longer dislocations, while others formed small 
loops. Many of the longer dislocations were now inclined at 30° to the 
abrasion direction, i.e. were along either [211] or [121] directions (fig. 1 c). 
Annealing of 0:25 micron diamond specimens abraded in the [112] direc- 
tion caused nearly all of the dislocations to align themselves along the 
abrasion direction (fig. 3 d and fig. 4, A). In addition, several relatively 
long, often curved dislocations (fig. 4, B) were sometimes present in the 
regions immediately adjacent to severe lines of damage. The probable 
explanation for these latter dislocations is that they propagated during the 
annealing in order to relieve elastic strains. 
Mo ae th run: diamond in the [110] and [112] 
E o g. í o and (b) respectively. The damage for 
cracked atonal (tabl Th : m aslo cations andchipp em cme 
Pope e). The single dislocations were mostly oriented 

g. the ee (110) directions within the plane of the specimen, and 
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Nature and distribution of damage for unidirectionally 
abraded (111) Si specimens 


Dislocation | Cracked 
5 : p iur a A 5 
Abrading T maple Bu rface EINE networks in | material 
treatment dislocations | chipping | cracking bands in bands 
0-25 micron Yes None None None Nono 
diamond 
[110] direction 
0-25 micron ! 
diamond Yes Yes Yes None None | 
[113] 
6 micron Yes Yes Yes None None 
diamond | 
| 
15 micron Yes Yes Yes Yes Yes 
diamond 
No. 600, 400 
and 240 SiC None Yes Yes Yes Yes 
papers 


were in general longer than the dislocations in the 0-25 micron diamond 
specimens. On annealing, the dislocations changed their configurations 
and many new dislocations propagated. 


Fig. 1 
Abrasion <110> <211> 
Directions Directions Directions 
[ric] [110] [zi] 


| [101] [011] (2 
[ug] -——— a \/ 
3 bi o) 


Relative orientations of the abrasion direct: 
directions lying within the (111) 
diagrams of figs. 2 


ions, and the main cry. 
) Specimen plane. The mic 
to 5 are all oriented in this manner. 


stallographi e 
rographs and 


Specimens abraded with 15 micron diamond in the [110] and [112] 


directions are shown in fig, 5 (c) and (d) respecti 
Sees d : ect: 1 
tended to lie in bands with less iun mon d ts Nd 


E j veen. 
mostly comprised severely strained dislocation networks pu 


consisted entirely of cracked materia]: Si : 
E Sa - Single dislocati : 
and cracked material, similar to those in the é micron To D 
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were also present (table). Annealing again caused a change in the con- 
figuration of the dislocations, and the propagation of many new disloca- 
tions. The new dislocations tended to be associated more with the dislo- 
cat/on networks than the cracked material. 


Fig. 2 
j 1 p 1 
‘ i 
A 1 $ [1 
qin 4 i 
A 
^54 i i À 
^ $ 1 
4: P i 
ME | ; 3 
E o Ad o 
ka 
i i i i ] 
APT ; 
5000 4 
í EF : i dà 
TIER y $ 4. 
X Eae Hi iut da E 


(111) Si specimen abraded with 0-25 micron diamond in the [110] direction. 
Damage comprises shallow surface grooves together with dislocation 


lines mostly lying along the abrasion direction. Magnification 30 000 x . 
Transmission electron micrograph. 


It is important for the present investigation that the distinction 
between dislocations and cracks be correctly made. The difference 
could be ascertained from the electron microscope examination as follows. 
The image of a dislocation usually consists of a dark line. Tilting of the 
specimen causes the contrast of the line to change, but not its position 
with respect to the specimen surface. On the other hand, the image of 
cracked material under certain conditions consists of a series of dark 
lines, electron interference fringes. Tilting of the Specimen causes these 
lines to move across the surface of the specimen within the region of the 
cracked material. High magnifications (50 000 to 100 000 x) are often 
necessary to distinguish between some of the structures e.g. dislocation 
networks and cracked material. This is illustrated Tater in the section 

The maximum thickness of Si specimens which can be usefully examined 
by transmission in the electron microscope is approximately 2 microns. 
Consequently, if the depth of damage for any of the finely abraded 
specimens had exceeded this value, then the structure shown by the electron 
micrographs would only correspond to the outer portion of the damage. 


312 
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Fig. 3 
OWG. 625A659 
Abrasion Abrasion 
Direction Direction 


[10] [12] 


ELITE paratu] e 
ele) oles 


Abraded 
0.25 

Micron 

Diamond 


cee re seers 
Ween a ate terra rt 
ere mee 


peepee tard 


rreaynrAaunay 


| 
I 
I 
i 


Abraded 
0.25 
Micron 
Diamond 

and 
Annealed 


Diagrammatic illustration of (111) Si specimens abraded with 0-25 micron 
diamond (a) in the [110] direction, (5) in the [112] direction, (c) in the 
[110] direction and annealed at 90096 for 1 hour, and (d) in the [112] 
direction and annealed at 900?c for 1 hour. The continuous dark areas 


represent in (b) and (d) chipped and cracked material. Approximate 
magnification 10 000 x . 


Estimation of the depths of damage (§ 3.3 and fig. 11) showed that all of 
the damage was revealed for the 0-25 and 6 micron dia 
while only approximately half of the damage w 
micron diamond specimen. 


mond specimens, 
as revealed for the 15 


3.2. Coarse Abrasions 


Optical micrographs of progressive sections etched with OP4 for 
a No. 400 SiC specimen abraded in the [110] dir 


clined to the abrasion direction. The lines 


t ; had the appearance of cracks. 
was not possible to ascertain t 


graphic examination. 


However, it 
he nature of this damage from the metallo- 


as performed as follows. 
aper (fig. 7 a), and thinned in 
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Fig. 4 


(111) Si specimen abraded with 0-25 micron diamond in the [112] direction 
and annealed at 900°c for 1 hour. The dislocations formed during 
abrasion have changed their configuration (A), and new dislocations 
have propagated from regions of severe damage (B). Magnification 
30000x. Transmission electron micrograph. 


the standard manner (fig. 7 b). Other specimens were similarly abraded, 
polished various amounts with 0-25 mieron diamond, and then thinned 
(fgg. 7c). In this manner, it was possible to investigate the No. 400 SiC 


‘damage present at various depths beneath the surface, corresponding for 


example to the optical micrographs of fig. 6. Damage due to the 0:25 
micron diamond was also present, but this could usually be tilted out 
of contrast, and hence did not interfere with the interpretation of the 
coarser No. 400 SiC damage. 

The electron microscope results for the No. 600, 400 and 240 SiC speci- 
mens showed that although the depths of damage were different, the 
nature of the damage was similar. Furthermore, the annealed structures 
in the three specimens were also similar. Consequently, the results of 
the No. 400 SiC specimen only are described. 

For specimens prepared as in fig. 7 (b), only those regions in the neigh- 
bourhood of the bottoms of the grooves gouged out by the abrasive 
particles could be observed, the regions in between appearing opaque. 
Nevertheless, the observable regions were the severely damaged regions. 
One type of damage consisted of bands of severely strained dislocation 
networks (fig. 8a). One direction tended to predominate in the networks, 
usually a (110) direction, and the dislocations were of the order of 1000 & 
apart. A second type of damage consisted of bands comprising arrays of 
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Fig. 5 
Abrasion Abrasion 
Direction Direction 
[110] [113] 


2 e pl UR "oic VCI 
aU pi: KONANIA FEE IJ] 
Abraded |- ae t; $1 mI. 
6 BYE LED til gua s I | 
Micron ES nod lg ee fea io a 
Diamond TT PT 4 - 
I 2 i$ "v mwa - 
Vb 7 | 
elhe aM € 
Abraded 
15 
Micron 
Diamond 


Diagrammatic illustration of (111) Si specimens abraded with (a) 6 micron 
diamond in the [110] direction, (b) 6 micron diamond in the [112] direction, 
(c) 15 micron diamond in the [110] direction, and (d) 15 micron diamond 
in the [112] direction. The continuous dark areas represent in. (a) and 
(b) chipped and cracked material, and in (c) and (d) unresolved dislocation 


networks and chipped and cracked material. Approximate magnifica- 
tion 10 000 x . 


interference fringes (fig. 8b) characteristic of cracked material (table). 
The specimens prepared as shown in fig. 7 (c) showed that on going further 
beneath the specimen surface, the amount of cracked m 
and ultimately most of the damage consisted of di 
(fig. 9). 

Jorrelation of the Structures observed by 
electron microscope examinations showed tl 
examination revealed the full extent of the d 
Strains, point defects, et 
used during the metallo 
dislocation networks a 
resulted in the formati 


aterial became less, 


the metallographie and 
hat the metallographic 
amage (excluding elastic 
c.). It also showed that the etching procedure 
graphic examination did not distinguish between 


nd eracks, Etching of a network presumably 


on of numerous closely spaced pits which rapidly 


, and lay 

The rearrangement can 
Second, large numbers of 
b, C) had propagated from. the 


into the Surrounding regions, "The 
Specimen of fig. 10 was prepared as in fig. 7 (c). 
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Fig. 6 


(d) 


Progressive sections etched with CP4 showing No. 400 SiC abrasion damage at 
approximately (a) 0, (b) 4, (c) 8, (d) 12 and (e) 16 microns below the 
original specimen surface. Magnification 200 x . Optical mierographs. 


During the whole of the electron microscope examination, the dislo- 
cations in the thinned specimens behaved in an extremely stable manner. 
No movement of any of the dislocations was detected, even at the highest 
beam intensities. : 

3.3. Depth of Damage 


In the present investigation, the depth of damage was taken as the 
distance from the mean specimen surface to the deepest observable 
damage (fig. 7a). The depths to which single dislocations extended 
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Fig. 7 
S [ 3 microns 
Denn dt € ES 14 microns 
Damage ES E 
ES LY. 


| 
i 0.5 microns 


Mi 


p 


EE 0.5 microns 


L 


(c) 


Diagrammatie illustration of methods used to prepare coarsely abraded Si 
specimens for transmission electron microscope examination. (d) 
Specimen unidirectionally abraded with No. 400 SiC paper ; (b) specimen 
of (a) chemically thinned from unabraded side ; (c) specimen of (a) 
abraded with 0-25 micron diamond, and then chemically thinned from 
unabraded side. 


beneath the specimen surface were estimated from the electron micro- 
graphs, while the corresponding depths for dislocation networks and cracks 
were measured by the progressive section method (fig. 6). 

For the 0:25 micron diamond specimens, the depth of damage depended 
almost entirely on single dislocations, and was estimated to be approxi- 
mately 2000 A. For all of the other, i.e. more coarsely abraded specimens, 
the depth of damage depended on dislocation networks and/or cracks. 
The values obtained are shown as a function of the abrasive particle size 
in fig. 11. For the No. 600, 400 and 240 SiC specimens, qualitative esti- 
mates of how the amount of damage varied with the distance below the 
surface were obtained by counting the number of bands in the progressive 
sections. The results are shown in fig. 12. 

Brief electron microscope examinations were also made of the damage 
caused by Linde A and Linde B AlO, powders (nominal particle sizes 
1-0 and 0-1 microns respectively) used on a rotating cloth pad with water 
as a lubricant. For both abrasions, the damage comprised lines of single 

dislocations, and the depth of damage was in general less than for the 0-25 
micron diamond specimens. The damage caused by cloth pads without 
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any abrasive particles, both dry and with water as a ee j 

investigated. Surprisingly, damage was found. a bot = ete me e 

damage comprised lines of single dislocations. SES cae 

of the damage was appreciably less uniform than tor xd Pe e dae 

Linde B powders, lines of damage occurring at relatively widely s} 

intervals. ; | 
Fig. 9 


(111) Si specimen abraded with No. 400 SiC paper, and then abraded with 
0-25 mieron diamond and chemically thinned as in fig. 7 (c). Main 


structure is a severely distorted dislocation network. Magnification 
30000x. Transmission electron micrograph. 


$4. Discusston 

The results of the investigation indicate that w 
specimens are unidirectionally abraded, the mecha, 
process is as follows. For 0:25 micron diam 
particles are extremely small. 
surface and, as a result of the p 
cloth pad or rolled over, an in 
When the abrasion occurs on 


hen single-crystal Si 
nism of the abrasion 
ond specimens, the abrasive 
Sharp corners of the particles contact the 
articles being either pushed down into the 
termittent stress is applied to the surface. 
a slip plane and along a slip direction, the 


an readily be relieved by the formation of 
dislocations. Hence, the dama. 


ge comprises closely spaced rows of single 
dislocations. Such dislocation 


dislo S tend to have axes along (110) directions, 
and so many of the individual dislocations are oriented along the abrasion 
direction. On the other hand, when the abrasion occ 


but far from a slip direction, the [112] abrasions 
readily relieved. Hence, the damage compris 


urs on a slip plane 
, the stress cannot be so 
es surface chipping and 
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cracking in addition to rows of single dislocations. Such Sonia: 
also tend to have axes along (110) directions, and so many o the indi 
vidual dislocations are now oriented perpendicular to the ie a 
direction. Steijn (1961) has recently reported anisotropy of damage for 
the wear of sapphire caused by rubbing. À $ l x 

For 6 mieron diamond specimens, the abrasive particles are iuo 
and the stresses applied to the surface are greater. peeeduently, 
surface chipping and cracking occur in addition to single dislocations fer al 
abrasion directions, and anisotropy of damage is no longer observed. 


Fig. 11 
x mes oer T7771 Te] 
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gi 
S = 
T0 e 
.18 No. 40 
$16 E = 
E | 
sl4r- ^ From 
sn d à Electron 
10 [- Diamond Ae Micrographs 
& 8 — Powder By 
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Nominal Abrasive Particle Size, microns 


Dependence of the depth of damage of abraded Si specimens on the abrasion 
treatment. 


For 15 micron diamond specimens, the abrasive particles are still larger. 
Hence, the area of individual particles contactin 
particular time is relatively large, and so the damage tends to occur in 
bands. The damage mainly comprises dislocation networks and cracked 
material (see later) However, Sharp corners of individual abrasive 
particles sometimes contact the surface, and so rows of single dislocations 
occasionally occur. : 

For No. 600, 400 and 240 SiC specimens, the abrasive particles possess 
nominal sizes of 25, 37 and 62 microns respectively, and are rigidly 
attached to a paper. Consequently, each particle gouges out a groove as 
it contacts the surface, and produces a band of damage beneath the groove. 
The damage comprises dislocation networks and cracked material (see 
later). For any of these particular abrasions, there is a wide range of 
depths to which individual bands extend beneath the surface (fig. 12). 
This is due to two main reasons. First, the efficiency of abrasion for 
individual particles is different because of variations in the size shape and 
inclination of the particles to the surface. Second, the damage present at 


g the surface at any 
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any particular time does not all occur at that time. Thus, some of the 
damage extending small distances below the surface is the lower portion of 
more severe damage occurring earlier. 


Fig. 12 


Sale Ss 


7200 © No. 600 SiC Paper 


o No. 400 SiC Paper 


5600 A No. 240 SiC Paper 


Number of Bands of Damage Per Inch 


800 Â 
0 = D 
0 5 10 15 20 25 
Depth Below Specimen Surface, microns 


Distribution of the damage beneath the surface of coarsely abraded Si specimens. 


The results suggest that the material is removed from the specimen 
surface in the following manner. For 0-25 micron diamond specimens, 
the main process is the rubbing away from the surface of extremely small 
particles leaving shallow grooves. The process is aided by the strains 
in the surface arising from the large number of dislocations introduced 
during the abrading. For 6 and 25 micron diamond specimens, small 
particles are removed by rubbing and larger particles by surface chipping 
and cracking. For No. 600, 400 and 240 SiC specimens, material is 
removed almost entirely by chipping and cracking. In particular, the 
intersection of cracks at appreciable distances beneath the surface causes 
relatively large blocks of material to be released and to break away from 
the surface. The propagation of new cracks is aided by the strains 
associated with the dislocation networks and cracks already present. 
Hence, it appears that when brittle materials such as Si are abraded, 
plastic deformation not only occurs but plays an important role in the 
abrasion process. 

It is perhaps surprising that dislocations are introduced when Si is 
abraded at room temperature because dislocations are not usually con- 
sidered to form in Si below 600°c (Pearson ef al. 1957). A possible 
explanation is as follows. The single dislocations only occur during the 
E ae are always located near to the specimen surface. 
As i 7 DU an extra degree of freedom compared with 

ocations formed in the bulk material, and hence can form more readily. 
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| On the other hand, the dislocations in the networks only occur during the 
| coarser abrasions. Some of these networks near the surface may form by 
j 
| 
| 
| 


a mechanism similar to that suggested above for the single dislocations, 

except that relatively large areas of individual abrasive particles contact 

the surface at the same time. However, many of these networks extend 
1 appreciable distances below the surface and have the configuration of 
cracks. Consequently, these latter networks probably form by a mech- 
anism such as that proposed by Allen (1959) and termed ‘ dislocation- 
cracks’. In this mechanism, the application of high stresses to brittle 
materials for short times causes cracks to form and immediately to heal, 
the resulting atomic mismatches constituting dislocation networks 
Some of the cracks may not completely heal, and so damage comprising 
a crack near the surface and continuing as a dislocation network furthe: 
down can occur. 

The single dislocations and the dislocations in the networks both tend to 
b! lie along (110) directions regardless of the abrasion direction. On an- 
nealing, these dislocations change their configuration and tend to lie along 
| (211) directions. This behaviour was previously reported by the authors 
(Booker and Stickler 1962 b, c) during an investigation of dislocations 
Wi in torsionally deformed Ge. Hence, it appears that in diamond lattice 
materials (110) dislocations are easier to form by mechanical deformation, 
but (211) dislocations are energetically more stable. In the 0-25 micron 
diamond specimens, the (I 10) to (211) change of direction was slow to | 
l| occur when the dislocations were moving out of the abrasion direction j 
i (fig. 3 c), but rapid when the dislocations were moving into the abrasion 

direction (fig. 3 d). This was presumably due to the anisotropic strains i 
presen in the surface arising from the unidirectional abrasion treatment. | 

DoD the Dn dislocations and the dislocations in the networks 
pue of the ore er of 1000 A apart. This is less than the resolution of the 
oar ee explaining why the nature of abrasion damage has 

em T eu ue ae by standard metallographic methods. How- 
he e RE gs slocations that propagate during annealing in order to 
i: P 7 as s 8 is are relatively far apart, and can readily be revealed | 
y standard metallographie methods, as has been demonstrated by Faust | 
(1958, 1960), Dash (1959) and Pugh and Samuels (1961). The density of | 
the dislocations in the abraded specimens is high. Thus, for the 0-25 | 
micron diamond specimens. the number of di i z ! 
: : : er of dislocations per square 
centimetre of surface is of the order of 1019 

The depths of damage di i 

* E. OU ge directly measured during the present investi- 
gation (fig. 11) are in general greater than th determi : 

é : i ose determined by previous 
investigators (Buck 1960). This may be b 
E y be because the present values are 
maximum values. The abrupt discontinuity of the two curves of fig. 11; 
mainly due to the different nature of the t rasi E 
; à e two abrasion processes. Thu 
the diamond particles could be pressed down into the polishin , ae 
rolled over, while the SiC particles were rigi Baus coon and 
oe : were rigidly attached toa paper. Sub 
sidiary experiments showed, for example, that when N Pda. 
: when No. 600 SiC abrasive 
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particles were incorporated in a slurry, placed on a polishing cloth and 
used to abrade Si specimens, the depth of damage was approximately 
3 microns Instead of the 9 to 12 microns for the same particles attached to 
a paper. 


§ 5. ConcLUSIONS 

The main conclusions of the investigation are summarized as follows : 

l. When single crystal Si specimens are unidirectionally abraded, 
che nature and distribution of the damage varies in a progressive manner 
with the severity of the abrasion treatment. In particular, the damage 
ranges from rows of single dislocations to bands of dislocation networks and 
cracked material. 

2. For fine abrasions, often termed polishing, the nature of the damage 
also depends on the abrasion direction, i.e. there are definite directions 
for which the damage is a minimum. When the abrasion is performed 
on a slip plane, these directions are the slip directions. For coarse 
abrasions, such anisotropy is not observed. 

3. Neither the single dislocations nor the dislocations in the networks 
appear to form by the standard bulk material dislocation mechanism. 

4. For fine abrasions, the material is mainly removed from the surface 
by the rubbing away of extremely small particles, while for coarse 
abrasions, the material is mainly removed by chipping and cracking. 
Strains associated with the dislocations introduced during the abrasion 
appear to play an important role in the removal of the material. 

5. When abraded specimens are annealed. the dislocations change 
their configuration, and new dislocations propagate in order to relieve 
elastic strains. 
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ABSTRACT 


The slip systems observed in a number of crystal structures common 
amongst metals and simple ceramic materials are examined to see whether they 
allow the crystal to undergo an arbitrary strain without change of volume. 
For most materials, other than f.c.c. and b.c.c. metals, there are insufficient 
independent slip systems. The condition under which cross slip can give 
rise to extra independent systems is stated. The results explain in a natural 
way recent experimental findings on the ductility of polycrystals with the 
sodium chloride structure. 


§ 1. INTRODUCTION 

von Mises (1928) first pointed out that for a crystal to be able to undergo 

a general homogeneous strain by slip. five independent slip systems are 

necessary. This result is often quoted in the literature and it has been 

used in studies of face-centred cubic metals in connection with the number 
of slip systems found to operate near grain boundaries (Livingston and 
Chalmers 1957, Kocks 1958, Hauser and Chalmers 1961) and in theoretical 
attempts to deduce the polycrystalline stress-strain curve from that of a 
single crystal (Taylor 1938, 1956, Bishop and Hill 1951a, b, Bishop 1953). 
von Mises also gave a simple method of determining whether or not slip 
systems are independent. Nowhere in the literature is there an account of 
| the application of this to crystals with structures other than those of the 
| f.c.c. metals. 

In view of the growing volume of work on plasticity of materials with 
crystal structures and slip systems quite different from those of f.c.c. 
metals it seems worth while to describe von Mises’ method and the results 
of testing a number of simple crystal structures to see how many indepen- 
| dent slip systems they usually possess. Further, the number of slip 
| systems observed in a given crystal structure can alter with temperature. 
Í This can lead to a sudden change in the mechanical properties which 
| finds a ready explanation in terms of von Mises! result. In the course of 


this work we have also found that the results for f.c.c. metals have à simple 
geometrical interpretation. 


| $2. von Misus’ RESULT 

l Slip or glide leads on a macroscopic scale (i.e. if one considers a volume 

1 containing many slip bands) to the translation of one part of a crystal 

: relative to another b i T i i 

| é to another by a motion corresponding to a simple shear. A 
single simple shear determines the value of one of the independent com- 
ponents of the strain tensor. Since plastic flow usually occurs without a 
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change in volume, the six independent components of the general strain 
tensor are reduced to five because of the condition: 


€, FE e, —0. 


von Mises (1928) noted that since the operation of one slip system produces 
only one independent component of the strain tensor, then five independent 
slip systems are needed to produce a general, small, homogeneous strain 
without change in volume. 

To determine whether a given crystal possesses sufficient slip systems ve 
proceed as follows (von Mises 1928, Bishop 1953). "Write down the cor- 
ponents of the strain tensor produced by an arbitrary amount of glide ox. s; 
given slip system. Call these components e," e,/, €’, eoe Do 
the same thing for four other slip systems, referring the strain tensor to te 
same set of axes as before. Finally, since the three tensile strains are not 
independent of one another, form the five by five determinant of ihe 
quantities es — es, Ey — Es» Ery» Erz» eus E E E EU 
If this determinant has a value other than zero, then the five chosen slip 
systems are independent of one another, since the determinant will equal 
zero if any row can be expressed as a linear combination of other rows. 
Provided then that the value of the determinant is other than zero, one has 
chosen five slip systems which are independent of one another in the sense 
that the operation of one of them produces components of the strain tensor 
which cannot be expressed as linear combinations of the components 
produced by the operation of the other slip systems. 

Physically, the above amounts to saying that a slip system is independent 
of others provided its operation produces a change in shape of a crystal 
which cannot be produced by a suitable combination of amounts of slip 
on those other systems. 

Since five independent slip systems suffice to produce an arbitrary strain 


without change in volume, it is apparent that a crystal cannot possess more 
than five independent systems. 


$3. EXPRESSION FOR THE STR 


We need a simple method for wri 
tensor produced by glide on a gi 


convenient (Bishop 1953, Livingston and Chalmers 1957). We define a 


n normal to the glide plane, with e 
Nz, Ny, n, parallel to an orthogonal set of axes m a ae 


1l to 2, and by a unit vector 
B in the glide direction with corresponding components ni Pu B "The 
components of the strain tensor are then: (CN : 


AIN COMPONENTS 


Cae Neha > GS on, DEC om... B 


[r4 
= Ery = 9 (ny + nbz) 0 Gum $ (n. B, gs m...) 
[r4 
Cys = 5) (nB: + napy). 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


| 
| 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
Independent Slip Systems in Crystals 879 


Using these relations we can write down immediately the components of 
the strain tensor produced by a simple shear of magnitude tana by the 
operation of the glide system defined by n and B. Since the relations are 
symmetrical in n and Q it is immediately clear that the strain produced by 
sip on the plane n in the direction B is the same as that produced by slip 
ca the plane B in the direction n. 

The directions of n and Q are usually given in terms of Miller indices. 
l'hese must be referred to orthogonal axes of equal measure when the above 
relations are used in non-eubie crystals. When the directions of n and B 
are given in terms of Miller indices (or Miller-Bravais indices) we call a 
family of slip systems all those combinations of slip plane and slip direction 
which must arise from the point group symmetry of the crystal if one slip 
plane and one slip direction are given. 


$4. RESULTS 


4.1. F.C.C. Metals 
Consider a f.c.c. metal crystal. The usual slip systems are the family 
(111) (1105. There are 12 physically different slip systems. We evaluate 
the components of the strain tensor referred to axes parallel to the conven- 
tional cell edges. For the slip system (111)[110] we have for the com- 
ponents of n and Q : 


yd D un a 


a a 0 
E= E= = Ge. 

7 4/6 Y M6 

> eue ts a 
Ery=9, €,,— 2/6’ “v2 — EJ 


Proceeding similarly one can write down the components of the strain 
tensor produced by operation of any of the physically different slip systems 
in the (111) (110) family. Only five of these are independent. The 
selection of five independent ones can be made in a number of ways. This 
selection can be illustrated in terms of Thompson's tetrahedron, which is a 
regular tetrahedron with vertices A, B, C, D and a. B. y. 8 the midpoints 
of the opposite faces respectively. A slip direction corresponds to an edge 
of the tetrahedron and a slip plane normal can be designated by one of ie 
letters o, B: y, 5. Thus (AB), corresponds to slip in ie [011] direction on 
the (111) plane. A possible set of five independent slip systems is (AC), 
(AB), (AD) (AO), (AB), In this crystal structure each slip direction lies 
in two slip planes; we might designate these the primary and the cross- 
slip plane. 


P.M. 
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Any slip system can be expressed in terms of two others with either the 
same primary slip plane or with the same cross-slip plane. Thus, for 
example, we can write: 


(DB),+(BC),+(CD),=0 . . - . . (41a) 
and 

(DB), + (BO), + (CD), — 0. eerie (As) 
These equations mean that equal shears on the three slip systems preduce 
zero net distortion of the crystal. It can be visualized that the operation 
of the first set of shears (4:1 a) produces no net displacement at any po™ +, 
while the operation of the second set (4-1 b) merely rotates the crystal abc. 
the direction Aa, the normal to the plane containing the slip veetc:. 
There is a third group of dependent sets, similar to those of (4.10), foe 
example 


(CD), + (DC), + (AB); - (BA), — 0. po Le 
Again the slip vectors are co-planar and sum to zero, and their slip plancs 
are equally inclined to the plane containing the slip vectors. The appli- 
cation of this set merely rotates the crystal about the normal to this plane, 
i.e. about a (100). 
In ehoosing five independent slip systems the above sets, and com- 
binations of them, must be avoided. There are 384 different ways of doing 
this (Bishop and Hill 1951 b). : x 


4.2. B.C.C. Metals 


Since the components of the strain tensor produced by slip on a plane 
of normal n in a direction B are the same as those produced by slip on a plane 
of normal Q in a direction n, von Mises’ analysis for a £.c.c. crystal applies 
equally well to a b.e.c. metal crystal which possesses the famil ae 
systems (110) (111) and a general strain can be produced by sli ; Thes 
slip systems can also be represented in terms of a modified TOM : 
shown in the figure. The letters o, B, y, 9 now represent slip direction A 
the pairs of letters, e.g. AB, now represent slip planes e.g. the plan AOB 
in the figure. Each slip direction lies in three slip planes. In ü er * 
then Sau corresponds to slip in the [111] direction on ilh a ps 
A possible set of five independent slip systems is then 8,... 8 eoe 
Yap, and again there are 384 different ways of choosin five E ee 
the 12 physically distinct slip systems. Again SEEN rd ES ee 
of the relations analogous to (4.1) must bey avoided Ron Any 


4.3. NaCl Structure 


Crystals with the sodium chloride Structure 


systems (110.110). There are six i isti 

1 physieally dist; i 
However, there are only two independent ones. ea i ON 
Following the procedure in $3, and taking axes parallel to (001 a 1) [101]. 


Me= 1/2, my=0, n,- 1/2, B, — 1/472, By=0, B,- 1] 72. 


possess the family of slip 
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Whence ¢,=—«/2, ¢,=a/2. All other components of the strain tensor 
are zero. Since a is an arbitrary constant defining the amount of slip we 


B 


c 


Figure illustrating slip planes and directions for {110}<111> slip in a cubie 
z erystal. O is the centroid of the regular tetrahedron ABCD. Slip 
planes are planes such as AOC, COD, ete. Slip directions are directions 
Aa, Bf, etc., the normals to the faces of the tetrahedron. If (110) «110» 
slip is considered, the slip planes are the same but the slip directions are 

the edges of the tetrahedron, AB, BC, etc. 


can put it equal to 2. Proceeding similarly for the systems (011)[011] and 
(110) [110] we find for the respective components of the strain tensor : 


f —1 0 0) (0 0 0) —1 0 0 
0 0 0|, lo —1 0| and Ma A 
0 @ i) lo @ n 0 0 0 


It is clear that only two of these are independent and thus the change of 
shape produced by slip on any one of these systems can be produced by an 
appropriate amount of slip on the other two. Since the three remaining 
physically distinct slip systems merely correspond to the interchange of 
slip plane and direction with those we have just considered, there are in all 
only two independent systems. A general deformation is thus not possible 
by slip. Im particular the off-diagonal terms of the strain tensor are always 
zero, so a deformation tending to change the angle between the crystal axes 
cannot occur, e.g. a crystal slipping only on these systems cannot be twisted 
about a (001) axis, nor extended along (111). 


3N2 
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The equivalence of slip on the various systems which reduces the number 
of independent slip systems can again be seen from the figure, where now 
the slip directions are the edges of the tetrahedron and the slip planes are 
planes such as AOB, COD. There is only one slip direction in each slip 
plane. Thus a symbol such as (AB)c represents slip in the direction AB 
on the plane AOB, of which the normalis CD. Itisimmediately verified by 
substituting in the relations of § 3 that 

AB'erne cce | (49) 

and also that 

(DB)ket(BC)ip+(CD)p=0. ———- 2. . (4.3) 
(4.3) is the analogue in this structure of (4.15) for f.c.c. metals. 
remaining relation, which with (4.2) and (4.3) ensures that no more iths»: 
two independent systems can be chosen, is : 

(AC)ps-F(AD)gc-F(AB)epm0. . . . . . (4.4) 
(4.4) is obtained by interchanging slip plane normal and slip direction in 
(4.3). 

There are 12 different pairs of independent slip systems in the NaCl 
structure. 


4.4. CsCl Structure 
The family of slip systems is (100) (010) (Rachinger and Cottrell 1956). 
These yield three independent systems. A general deformation is impossi- 
ble. In particular extensions parallel to the crystal axes cannot be pro- 


duced. There are eight different ways of choosing three independent slip 
systems. i 


4.5. CaF, Structure 

Two families of slip systems have been observed. viz. f 

j j ns Served, viz. {001}{110) and at 
higher temperatures {110}{110) (Roy 1962). The first ae s three 
independent slip Systems and cannot produce a general deformation Tn 
particular extensions parallel to the crystal axis are not possible The 
are 16 different ways of choosing three independent systems. The second 
ee. is that eee in NaCl and permits only extensions parallel to the 
crystal axes. It yields two independent system yhich i 
“hove it o oo depen y 8 which are independent of 
| y. al strain can be produced i 
if, both families of slip systems o i ae one 

; bot yst perate simultaneously and indenende 
Five independent systems can be chosen in 192 different a 


There 


E 4.6. Rutile (Ti0,) Structure 
ne structure is tetragonal. Two famil; i 
by Ashbee (1962). These are UNA n n ue CAU 


$ à and í110)4001 r: 
s t 3 
ee dependen slip systems. This is didi a ee 
orice structure in which the family of slip systems has th CT 
The difference arises because rutile is DUCI 


| feren e tetragonal and he i 
in the direction [101] does not produce the same shear as D 
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[101] direction. The slip systems in the family (110) (001) produce 

nothing new. All the components of the strain tensor produced by shear 

on the two planes of this family can be produced by a linear combination 

of members of the (101) (101) family. There are in all four independent 

sU- systems. The component of the strain tensor <,, (with the z axis 

r^rallel to the tetrad axis) is always zero. A general deformation is not 
ossible. 


4.7. Hexagonal Materials 

A common family of slip systems is (0001) (1120). There are only two 
independent slip systems and three different ways of choosing these. A 
erystal cannot be extended parallel to the conventional crystallographic 
axes, nor can the angle between the axes lying normal to the hexagonal axis 
bealtered. This family ofslip systems is the only one possessed by graphite 
(Freise 1962). Other hexagonal materials often show slip on other families 
of slip systems. 

Zirconium (Rapperport and Hartley 1960), and tellurium (Stokes et al. 
1961) exhibit slip on the (1010) (1120) family. There are only two indepen- 
dent slip systems and again these can be chosen in three different ways. 
These slip systems allow extensions parallel to the two crystallographic 
axes lying in the basal plane and alteration of the angle between these. A 
crystal which possesses the two families of slip systems, (0001) (1120) and 
(1010141120), possesses therefore four independent slip systems, subject 
to the proviso in $5. An example is magnesium at a temperature greater 
than 180°c (Flynn et al. 1961) and aluminium oxide at high temperature 
(Scheuplein and Gibbs 1962). 

In addition many hexagonal metals show pyramidal slip on the family 
(10111 (1120), e.g. zinc, cadmium (Schmid and Boas 1935) and titanium 
(Churchman 1954). There are six physically different slip systems of this 
family. They produce four independent systems, which can be chosen in 
nine different ways. The changes of shape which can be produced by 
(1011) (1120) slip are precisely the same as those which can be produced 
by the simultaneous and independent operation of both the (0001) (1120) 
and (101041120) families. In no case is an extension parallel to the 
hexagonal axis possible. 

In zinc (Bell and Cahn 1957) and in cadmium (Price 1961) the operation 
of the family of slip systems (1122) (1121) has been reported. There are 
six physically different members of this family and they provide five 
independent slip systems, so that a general deformation is possible. 'Phe 
operation of one member of the (1122) (1121) family allows a crystal to 
extend parallel to the hexagonal axis. 


$ 5. Cross Sure OR PENCIL GLIDE 


At low temperatures slip usually occurs in crystals upon well-defined 
slip planes. As the temperature is raised slip planes often become 
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ill-defined and slip appears to be taking place upon any plane of m 
the slip direction is zone axis. We shall call such a situation pencil glid e: 
Then it is easily seen by substitution in the relations given in $3 that glide 
in any given slip direction will produce two independent components of the 
strain tensor. "There is, however, an important physical stipulation which 
must be obeyed if two truly independent components of the strain tensor 
are to be produced. This is best illustrated by an example. Suppose 
pencil glide occurs in a crystal with the NaCl structure. Consider the slip 
direction [01T]. At low temperatures this possesses the slip plane (011) 
and the components of the strain tensor produced are, for a strength of 
deformation «, 


[ (-— 0) —1t 
(I) — e. i) 
l 0 —« 


When pencil glide occurs we can resolve the shears on to (011) and any other 
plane in the zone with axis [011]. Suppose we take the second plane to be 


(100). Then the components of the strain tensor due to the second shear 
will be : 


0 «[2 — —e'[2 
a’ [2 0 0 
—a'[2 0 0 J 


These two slip systems produce then two inde 


s ) pendent components of the 
strain tensor, if and only 


t E if there is no necessary connection between « and 
a’. Whether or not there is a connection between x 


the physieal process by which pencil g 
important for ins i idi 4 pri ie gli i 
n] ort: fo instance in deciding whether prismatic glide and basal glide 
are independent in, for Instance, magnesium. 
mn SS - 
There isa good deal of evidence from electron mier 
observations of the occurrence of a 
essentially the motion of a screw 


and o^ depends upon 
lide is produced. This may be 


‘ oscope and etch-pit 
microscopic form of cross slip involving 


dislocation out of it pri ry sli D ple ne 
(0) S prima & 
for a short distance upon another slip plane, of indeterminate indices but 


T sone EE along the Screw, and subsequent cross slip of the screw 
ee he Petey slip plane. Gilman and Johnston (1960) first 
" ae his ani a 1t multiple cross glide, As far as one can tell at 

resent the amounts of slip on primar a ; 

y and cross-slip plane ar »i p 

7 i À | ren 3 
dent of one another and hence there is a Pn betw n p 
reen « ar a. 


Such a process does t 

S no appear to provi wo sli o 
5 ^ ovide 7O slip i 
vh ‘ n ee : I W liy Systems corresponding 


When pencil glide occurs 
three non-coplanar slip dir 
possible. 


then a crystal need 


TTE only possess, in gener 
ections in order for s , In general, 


à general strain to be 


5 isdem § 6. Discusstoy 
ne analysis in $2 is valid for infinites; ; 
be applied to the large coi a pour Small strains, Tt may still 


n plastic deformation by viewing 
v o 
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the components of the strain tensor as strain rates multiplied by an infini- 

tesimal length of time (von Mises 1928). This device avoids comparing an 

instantaneous configuration with an initial one and merely compares the 

instantaneous configuration with one neighbouring in time. This is 
sually done in theories of plasticity to avoid the mathematical difficulties 
ssociated with a treatment of large strains. 

The most obvious application of these results is to the deformation of 
oolyerystalline specimens. It is usually assumed, following Taylor, that 
the deformation of a polycrystalline specimen can only proceed in general 
without the production of voids provided the grains can undergo a general 
strain. If this change in shape is to be produced by slip then five indepen- 
dent slip systems are necessary. As a very general rule it appears to be 
found that when five slip systems are not available voids are formed during 
plastic deformation of a polycrystalline aggregate. For example, at low 
temperature magnesium slips mainly on {0001} in a (1 190) direction with 
some {1010}{1120) slip. Voids are formed at very small strains (Hauser 
et al. 1955). 

The most convincing experimental evidence that five independent slip 
systems are necessary for polycrystalline ductility comes from experiments 
on erystals with the NaCl structure. At low temperatures where only 
(1101 (110) slip operates, polyerystals and even bicrystals are found to be 
very brittle (Stokes and Li 1963). Ina compressed bicrystal there are in 
general five conditions to be satisfied by the strains within the grains if they 
are to remain in contact whilst deforming homogeneously : the two tensile 
strains and the shear strain in the plane of the boundary must match in each 
grain, and the strains along the compression axis must equal the imposed 
strain (Livingston and Chalmers 1957). Since only four independent slip 
systems are available, two from each grain, a general bicrystal cannot 
deform so as to maintain contact at the grain boundary. In practice, 
both bierystals of MgO (Johnston et al. 1962, Westwood 1961) and poly- 
erystals (Stokes and Li 1963, private communication) are observed to 
fracture from a crack which forms at a grain boundary where a slip band 
runs into it. The deformation of a general boundary produced by a slip 
band in one grain cannot be accommodated by {110}{110) slip in the 
neighbouring grain, since the three straim components in the boundary 
plane, which must be matched, cannot, in general, be produced by the two 
independent slip systems which are available. Stokes and Li (1963) also 
show clearly that in silver chloride, sodium chloride and magnesium oxide; 
at low temperatures, the rate of strain hardening after the yield point (which 
corresponds to plastic flow occurring in some of the grains) is extremely 
rapid. This can be understood since the total plastic strain obtainable 
before fracture will only be of the same order as the elastic strain. Similar 
behaviour is found for LiF (Budworth and Pask 1963). Stokes and Li 
(1962) have also shown that when large amounts of pencil glide are observed 
in silver chloride and sodium chloride then appreciable plastic extensions 
of a polycrystal are obtained. The same is true of LiF (loc. cit.). All 
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these results receive a completely general explanation from the above 
analysis. At temperatures below those at which pencil glide cam occur the 
operation of the six physically distinct slip systems of the (110) (110) 
family will lead to no change in shape which cannot be produced by the 
operation of only two of these, e.g. (110)[110] and (101)[101]. The onset 
of pencil glide, having three non-coplanar slip vectors, DIU uos: five 
independent slip systems and a general strain is then possible. Poly- 
crystals then become ductile. f 
It must be noted that the requirement of five independent slip systems 
to allow an arbitrary strain is so general that by itself it does not allow 
particular predictions to be made as towhat will happen if sufficient systems 
are not available. Fracture may occur in a polycrystal as soon as slip occurs 
within a few grains and the slip bands intersect the boundary, as in MgO. 
Alternatively, pencil glide might be forced to occur in regions of very high 
stress, or slip could occur on planes not normally functioning as slip planes ; 
this last seems to occur in LiF at room temperature (Budworth and Pask 
1963). Fracture does not necessarily occur if five independent slip systems 
are not available. Whether or not fracture occurs will depend on whether 
in a particular stress state cracks are opened at lower stresses than are 
required to produce slip on new slip systems. 
The other results listed in § 4 show that polycrystals of materials of 
CsCl type, graphite, and TiO, type will not deform without the opening of 


voids unless other slip systems operate. Polyerystals of CaF, (or UO.) will 


not do so unless both the observed families of slip systems operate. 
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CORRESPONDENCE 


The de Haas-van Alphen Effect in Caesium 


By K. Okumura and I. M. TEMPLETON 


Division of Pure Physics, 
National Research Council, Ottawa, Canada 


[Received 19 January 1963; and in revised form 18 February 1963] 


We reported recently (Okumura and Templeton 1962) the observation 
of de Haas-van Alphen oscillations in rubidium. 

As a continuation of the same series of measurements on the alkali 
metals we are able to report now the satisfactory observation of de Haas- 
van Alphen oscillations in caesium. Because of the low melting-point 
(28-5°c) and high reactivity of caesium, the preparation and handling of 
suitable samples is considerably more difficult than for rubidium. The 
only satisfactory method we have found involves double distillation in 
quartz under high vacuum (~10-® torr) into thin-walled capillaries, 
which are then sealed off. A sample for resistance measurement is 
obtained at the same time: our specimens have had residual resistance 
ratios (E, Roo.) of the order 2-5 x 10-3. Single crystals are then grown 
and measured by methods very similar to those used for rubidium. 

The results for two samples of caesium were: 


Orientation Observed period PIR 
9° from [111] 
30° from [110] 


12° from [110] ! 
7-28 € 0:03; x 10-? gauss 0:994 + 0-005 
29° from [111] 


| 7-38 + 0:07 x 10-9? gauss-t 1-008 + 0-91 


The absolute value of Py (7:32 x 10-? gauss-!), the period corresponding 
to a central cross-section of the free electron sphere, was calculated from 
the data of Barrett (1956) for the lattice constant of caesium at 5?K 
(6-045 A). 

[Note: the periods given for rubidium in our recent publication should 
be multiplied by 1-030. This is because we have since recalibrated the 
pulsed field coil, using de Haas—van Alphen signals from oriented samples 
of noble metals as dynamic calibration standards (Shoenberg 1962, Roaf 
1962), and have found a 3% error in our previous calibration.] 
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The two results for caesium are within experimental error of the free 
electron value, and suggest that the prediction by Ham (1962) of a 1076 
difference between maximum and minimum Fermi surface cross sections 
for caesium is too large. However, any more detailed investigation of 
these predictions requires a rotatable pick-up coil in which variations of 
period with field direction can be measured for a single sample. We hope 
to make such measurements shortly. 
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Martensite Transformation in the Fe,Al Superlattice 


By M. J. MagcrxKOowsKkr and N. BRowNT 


Edgar C. Bain Laboratory for Fundamental Research, 
United States Steel Corporation Research Center, Monroeville, Pennsylvania 


[Received 19 December 1962, and in revised form 14 March 1963] 


‘THE purpose of this brief note is to report what are believed to be the first 
observations of martensite in the Fe,Al superlattice. Specifically, fig. I 
shows a transmission electron micrograph of a group of three zigzag-shaped 
martensite plates that were observed in a slowly cooled Fe,Al alloy, 
which treatment resulted in nearly perfect DO, type order. Prior to 
electrochemical thinning, the 0-005in. thick sample was cold rolled 5% 
at room temperature. A selected area diffraction pattern obtained from 
the area shown in fig. 1, with the diffraction aperture positioned so as to 
include both the martensite plates as well as the matrix, is shown in fig. 2 (a). 
A detailed analysis of this pattern is made in fig. 2 (b), in which two distinct 
diffraction patterns are readily observed. The full circles correspond to the 
diffraction spectra associated with the Fe,Al-DO, matrix possessing a 
lattice parameter a= 5-784, while the open circles correspond to spectra 
arising from a face-centred tetragonal superlattice with &,— 3:16 À and 
€, — 7:65 A similar to that observed by Swann and Warlimont (1963) in the 
Cu;Al alloy. These results are all given with respect to the larger unit cell 
of the superlattice, and furthermore are accurate to within only a per cent 
or two, due to the inherent difficulties in obtaining accurate measurements 
from electron diffraction patterns. The orientation relationships between 
the martensite (M) and the parent phase (P) are readily found from fig. 2 (a) 
and (b) to be (110),||(112),,; and [T1 T}p||{110],;. In terms of the dis- 
ordered unit cell which is face-centred cubic, (1 12). becomes (lll). 
Using the above results in conjunction with the theory of martensite 
formation advanced by Wechsler et al. (1953), the direction cosines hkl of the 
habit plane normal of the martensite, with respect to the Fe,Al-DO, 
matrix are found to be — 0-095, 0:879 and 0-480 respectively. When 
analysed in terms of this particular habit, the martensite plates in fig. 1 are 
found to lie on two distinct variants of this plane, both of which lie nearly 
perpendicular to the figure. 

Similar to the observations made by Kelly and Nutting (1961), with low 
carbon steels and an 18-8 stainless steel, no twins were observed within the 
FeAl martensites. Figure 1 in fact shows that even very few if any 


T Professor of Metallurgical Engineering, University of Pennsylvania, 
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dislocations are contained within the martensite plates. This udis is 
not always the case, and in many other martensite plates, e S 
dislocations could occasionally be discerned, giving further evidence for its 


state of order. 


Fig. 1 


CALCULATED 
HABIT 
PLANE 
* TRACES 


.. Ordered face-centred tetragonal ma rs 


Sample was cold-rolled 5% M Fe,Al-DO, matrix, 


at room temperature, 
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The reason for the presence of martensite in the Fe,Al-DO, superlattice 
is thought to arise simply from the fact that plastic deformation by either 
slip or twinning is difficult in a superlattice because, in general, work must 
5e expended in creating a certain amount of disorder (Marcinkowski and 
Fisher (1963). On the other hand, because the atom movements involved 
in a martensite transformation are much less than the interatomic spacing, 
no net disorder accompanies this transformation. Therefore, deformation 


Fig. 2 
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Fig. 2 (continued) 


(b) 


(a) Selected area diffraction pattern obtaii 
martensite plates and matrix. 
fig. 2 (a). Full circles represent 
the Fe,Al-DO, matrix. Open cir 


ned from fig. 1 encompassing both the 
(b) Analysis of diffraction pattern of 
the diffraction spectra associated with 
cles arise from the martensite structure. 


via this mechanism becomes fay 


oured. There is also 
part of the observed martensite 


961 J. Iron St. Inst., 197, 199. 
RB. M., 1963, 7 - appl. Phys. (to be published), 
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REVIEWS OF BOOKS 


Processes of Creep and Fatigue in Metals. By A. J. KexxEDY. (Oliver & Boyd, 
1962.) [Pp. xiii+480.] Price £3 10s. Od. 
CREEP and fatigue are both immensely complicated subjects and the solution 
xf the problems involved is of great fundamental and practical interest. This 
book describes the present state of knowledge, and at the same time attempts to 
bridge the gap between the different approaches of physicists, metallurgists and 
engineers in these fields of research. The author has to a large extent succeeded 
in this aim, eonsidering the enormous gulf between fundamental understanding 
and She practical use of materials. The first third of the book consists of a rea- 
oly self-contained introduction to metal physics (anelasticity, internal 
tion, dislocation theory, work-hardening, ete.) which both the initiated and 
tiated should find pleasantly readable. The book then deals in considerable 
ictail with creep, fatigue and complex conditions of stress and temperature 
wich are of practical engineering interest. The quantity of available research 
wature on creep and fatigue is, of course, prodigious ; the quality is less so. 
iul selection is therefore necessary in a book of this type and Professor 
dy has on the whole made an excellent job of selecting, summarizing and 
ing the various experimental data, qualitative interpretations, semi- 
rical theories and (where they exist) quantitative theories of creep and 
ue phenomena. The overall impression gained by reading this book is that, 
whereas the properties of dislocations and point defects are well understood, 
the application of these concepts to such important technological processes as 
creep and fatigue is in a relatively primitive stage of development. In con- 
clusion, this book should prove of great service to research workers in clarifying 
the basic concepts, experimental facts, and unsolved problems of creep and 
fatigue. T. E. MITCHELL 


Aa) 5 


An Introduction to Tensor Calculus and Relativity. By DEREK F. LAWDEN. 

(Methuen's Monographs on Physical Subjects, 1962.) [Pp. 172.] Price 25s. 
Turs superb book is based upon lectures given to final year Honours under- 
graduates at Canterbury University, New Zealand. In a mere 170 small 
pages it gives a masterly account of special and general relativity. It is above 
all a modern book on relativity, which takes for granted that the special theory 
at least is an integral part of present-day physics. It thus lacks the overtone 
so prevalent in the older books, that the reader will be convinced of the validity 
of Einstein's odd ideas only if he is battered into submission by the consideration 
of a host of special effects. The book concentrates (very successfully) on 
making clear the conceptual basis of the theory, and on explaining and using 
from the outset the four-dimensional vector caleulus. In addition to its power 
and elegance, this calculus increases one’s physical insight into special relativity, 
and the author is surely right in his belief that undergraduates should be exposed 
toit, evenif they donot go on to study the general theory. Highly recommended. 

D. W. Sorama 


Physique Solaire et Géophysique. By A. Dauvmrier. (Masson et Cie, 1962.) .. 
[Pp. 354.] Price 72 NF. 

Tuts book is in the nature of a review of the subject. Its contents may be 

divided into three parts. Firstly a section is given to solar physics, with 

special reference to the solar magnetic field, the sunspot cycle and the corona, 
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i.e. to those phenomena most directly involved in solar-terrestrial relationships. 
Secondly a chapter is devoted to the zodiacal light and interplanetary space 
and the last part concerns terrestrial phenomena which are affected by solar 
activity. : ; 

As is proper in a review, much space is devoted to a discussion of early 
observations and theories, but it is nevertheless surprising that a book published 
in 1962 should contain so few references to papers written after 1950. A great 
deal of the book’s material is chiefly of historical interest. 

The printing and preparation of the volume are both good, and the illustrations 
are well reproduced. M. F. INGHAM 


Geometrical Optics. Optical Instrumentation. By W. T. Wetrorp. Under- 
graduate Textbooks in Physics, Vol. 1. (Amsterdam: North-Holland 
Publishing Company, 1962.) [Pp. x--200.] Price £1 15s. Od. 

Turs book is the first of a series planned by the publishers dealing with various 

branches of physics at the undergraduate level. The series aims at providing 

a thorough treatment of important fundamental ideas, avoiding unnecessary 

sophistication, so as to enable the student to progress to more specialized texts. 

This first volume certainly succeeds in this object. It is a welcome fact to see 

that geometrical optics and physical opties are treated in separate volumes in 

this series. Geometrical optics is a subject which, owing to lack of timetable 
space, is too often briefly dismissed as ‘ technology ’ in modern degree courses 
in physies, or assigned to the minor half of an undergraduate text ‘whose main 
object is physical optics. Thus a situation has arisen in which students graduate 
knowing a great deal about physical optics, but knowing little more about the 
physical principles underlying the practical design of optical instruments tl 

they knew at school. This book by Dr. Wi elford should do ht AS 

jum and will be a valuable addition to the SENEC S Eds v 
The style of writing in the book is clear and concise and this is h T. 

se ; : i T a E s helped by the 
inclusion of mathematical proofs, etc. in a number of EE Starting 


with a discussion of the laws of ceometri ies, i 

a netrica: j i bi 

be ery eC e B o M optics, in which the relation between 

ER of MARI optics of simple lenses 

and prisms. Chromatic and geometri E 

by means of ray theory and of H m um i x 

,and the effec 

on optical instruments and the i i T KRN a api 
pter on photometry. 

practical instrumental 

M. J. WHELAN 
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The Soft X-ray L,, Emission Spectrum from Liquid Aluminium 


By J. A. CaTTERALL and J. TROTTER 
National Physical Laboratory, Teddington, Middlesex 


[Received 12 February 1963] 


ABSTRACT 


The La, emission spectrum obtained from liquid aluminium shows some 
resemblance to that of the solid but with the peak characteristic of the zono 
overlaps rather less pronounced. It is suggested that this result supports a 
model of local crystalline order in the liquid, with the valence electrons 
occupying an energy band having some resemblance to that of tho solid, 


$ 1. INTRODUCTION 


INTEREST in the electronic structure of disordered systems has focused 
ention on the physical properties of liquid metals. Several papers 
recently have reviewed these properties, notably those by Knight et al. 
(1959), Ziman (1961) and Bradley et al. (1962) and two interpretations 
have emerged. Bradley et al., from a consideration of Hall effect, 
optical properties, resistivity, thermoelectric power and magnetic suscepti- 
bility, conclude that a nearly free-electron model is appropriate for the 
liquid state. Knight et al. conclude, from N.M.R. data, susceptibility, and 
x-ray diffraction, that short-range local order exists around a given atom 
in the liquid with the atomic sites resembling those of the solid, and that 
in many cases the electronic structure undergoes little modification on 
melting. In the latter case features characteristic of the zone structure 
persist in the liquid state. 

It was believed that knowledge of the soft X-r&y emission spectrum from 
a liquid metal would help the electronic structure of the liquid state to be 
understood, at least in the particular case of the metal examined. Only 
metals of relatively low atomic number have well-established solid-state 
X-ray spectra, and the x-ray technique itself required a metal of low 
melting point and low liquid vapour pressure. In addition a polyvalent 
metal which showed zone-overlap effects in the solid was desirable. All 
these factors led to the choice of aluminium. 


a 


$ 2. EXPERIMENTAL TECHNIQUE 


The National Physical Laboratory Spectrograph has been described 
elsewhere (Catterall et al. 1958). The X-ray target in the present case 
consisted of a globule ofaluminium some din. diameter, heated from the top 
by the exciting electron beam to a temperature estimated to be 800-850°c. 
The globule was seated on an alumina disc as shown in fig. 1 and electrical 


P.M. 
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i aliron pint. At the operating temperature 
ee a ERI ti 3 ky tod i ma, and the high eM 
B um enh a resulted in peak counts of 42 000/minute on Varum s 
3 DUM The liquid globule had a mirror-like surface on w De e 
P an occasional speck of oxide. These specks RE es * E 
ME E surface from top to bottom, showing tha 


globule was molten. 


Fig.1 


The source slit and analyser slit were set at 0-03 mm and 0:1] mm 
respectively, and on the second-order reflection this gave a resolution of 
0:2 À or 0:02ev. The ratemeter deviation was 2 


2:2% and the response 
time 7:6 sec for this deviation, and the Spectrum was traversed at a rate 
such that 0:2 å was scanned in a t 


ime longer than the time of response 
(Fisher et al. 1958). The peak counts of 42 000/minute on a background 
of 3600/minute gave a statistical error of 0-6%, to which must be added 
miscellaneous sources of error described previously (Catterall ei al. 1958). 
A typical curve was observed to have an accuracy of about +3%. ‘The 
final emission spectrum was arrived at by taking the mean curve from 


eight experiments so the overall accuracy is somewhat better than this 
last figure. 


A typical trace obtained from the 
curve compared with that fr 
figure the curves have been d 


liquid is shown in fig. 2 and the mean 
om solid aluminium in fig. 3. In the latter 
rawn so that they enclose equal areas. 


i T darker areas appearing on the globule in the photograph are large 
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Fig. 2 
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The only other work we are aware of on liquid aluminium was py 
Farineau (1936) who failed to find a peak such as that appearmg m our 


We have also failed to find this peak on those occasions 


i stigation. inati 
invesug, e, and contamination 


when the specimen became coated with a film of oxid 
may account for Farineau's result. 


$ 3. DISCUSSION 


The main points of interest in the spectrum from the liquid are as olosi: 
(a) A peak in the curves occurs similar to, but not as pronounced as, 
that occurring in the solid. i 

(b) The L} edge-width from 5%-95% intensity is 0:62 ev compared 

with 0:3 ev in the solid at room temperature. 

(c) The dip corresponding to the beginning of the first zone overlap in 

the solid is rounded off in the liquid. 

(d) A slight decrease in the overall bandwidth is observed. 

There seems no doubt that the sharp peak at the high energy end of the 
I4 spectrum from solid aluminium is due to zone overlaps, since solution of 
magnesium in aluminium causes a reduction of this peak, the kink due to 
the second overlap disappearing in an alloy containing 12-295 Mg (Gale 
and Trotter 1956). This is the behaviour expected from solution of an 
element of lower valency}. In addition the corresponding peak observed 
in the L spectrum of solid magnesium, which is also attributed to zone 
overlaps, disappears with the solution of lithium (Catterall and Trotter 
1959, Crisp and Williams 1960). We may therefore conclude that the 
peak observed in the spectrum from liquid aluminium indicates the pre- 
sence of a ‘ zone structure ' in the liquid, which in turn appears to imply 
a pseudo-crystallinity or an instantaneous short-range orderį with the 
atom positions showing a resemblance to those in the solid. Knight et al. 


T We note that the fact that a prominent peak occurs i i 
th peak occurs at all in the solid state 
spectrum of aluminium supports the band cal i laty: 
e EE (980) and calculation of Matyas (1948) rather 
1 The L; core-level width of 0:02 ev gives an x-ray lifot; 
: 2 s -ray lifetime of ~3 me 
This may be compared with correlation times in liquids of dto TES “of 


10-10-12 sec. The motion of the i i 
Roin time 01 the ions is therefore slow compared with the 


thor "e M or n their kin: (impurities) throughout the total 
Meer e -Tays are being produced, then this hole will 


| n Spatial arrangements possible f i 
around a given atom in the liquid, suggesting Ae type SUC. ORTA 
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from theoretical considerations, show that zone effects can appear when 
nearest and next-nearest neighbours are considered, and they publish a 
table which shows whether or not a particular element is expected to 
undergo a change of electronic structure on melting. Aluminium is not 
expected to change, which is in agreement with our findings; nor is 
lithium, which is supported by the emission spectrum obtained by Skinner 
(1946) on liquid lithium. 

The model of an instantaneous face-centred cubic arrangement of 
short-range order suggested by our x-ray results and the work of Knight 


et al. esy be contrasted with the model of a liquid proposed by Bernal and 


Maso» (1950). From an examination of the distribution of randomly 
Poe 


, non-interacting spheres they conclude that the coordination 
Sez probably lies between 10 and 11, whereas a f.c.c. type of coordina- 
-sccires 12 neighbours. The discrepancy may lie in the fact that 
3 in a liquid will interact. 

> emission edge-breadth of the liquid aluminium L, spectrum is 
0-62 cy, 0:58 ev of this may be attributed to the Fermi function broad- 
2b 850?c, 0-02 ev to instrumental broadening, and 0:02 ev to the core- 
levei breadth. There is no excess broadening of the edge of the kind 
sometimes observed in the emission spectra of solid alloys (Catterall and 
Trotter 1962) and which may be caused by scattering of the conduction 
electrons. The absence of this broadening seems to imply a long mean-free 
path in the liquid. The sharp minimum in the solid-state spectrum 
corresponding to the appearance of the first zone overlap is ‘ rounded-off ' 
and considerably less sharp in the liquid, and the kink due to the second 
overlap is also blurred. Tt is interesting to note that the general increase 
in diffuseness of sharp features of the band on melting is similar to the 
effect appearing in solid alloys when magnesium is added to aluminium or 
lithium to magnesium, where the dips corresponding to zone overlap are 
again ‘ rounded-off'. It would seem that this type of X-ray spectrum is 
characteristic of a basically ordered lattice having randomly arranged 
defects. 


ening 
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Transient Creep and Recovery in Graphite 


By G. M. JENKINS 


Central Electricity Generating Board, 
Berkeley Nuclear Laboratories, Berkeley, Glos. 


[Received 23 November 1962, and in final form 8 April 1963] 


ABSTRACT 


simple formal theory of creep in graphite is derived in which both forward 
verse thermally activated processes are considered. During the creep 
1al back stress develops which reduces the rate of the forward process 
creases the rate of the reverse process. At intermediate times the creep 


qaation derived from the theory approximates to a logarithmic creep law of 
no form : 


«(t) — e(t*) = K In (¢/t*). 

“owever, the creep rate at small times, and the total strain at infinite time, 
are both finite. Recovery of creep strain on removal of stress is predicted to 
obey thesamelaw. The creep laws are shown to agree with experimental creep 
data at temperatures below 1500°c in their general form and in the linear 
dependence of K on both the temperature and the applied stress. Finally, 
& more specific model in terms of dislocation movement across periodic energy 
barriers is shown to be in fair agreement with the formal theory. 


$ 1. INTRODUCTION 


WnzN graphite creeps under constant stress, the strain is observed to vary 
logarithmically with time. The creep strain is recovered in a like manner 
when the stress is removed (cf. Davidson and Losty 1958, Andrew et al. 
1960). The simple logarithmic law, i.e. e=logt, has anomalies at small 
and large times and no mechanism for a recovery of creep strain has yet 
been suggested. The analysis in this paper eliminates these difficulties 
and agrees with experimental data for the primary creep of graphite below 
1500°c. At higher temperatures an extra non-recoverable term describing 
secondary creep would need to be included to allow for the deformation 
produced by diffusion. 

Ina previous paper (Jenkins 1962) a model for the deformation of graphite 
at low stresses was proposed in which it was assumed that isolated grains 
in the material became plastic at a certain critical stress (cc), The plastic 
deformation is opposed by a back stress related to the rigidity of the elastic 
matrix. 

The following stress-strain relationships were deduced: 

e=Ao+ Bo?, Eat ee sca QU 
where A is the elastic compliance at infinitesimally small stresses, i.e. 
before plastic deformation takes place. 

B defines the contribution to the strain due to plastic deformation. 
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The equation was deduced ignoring the effects of time and temperature. 
However, if the applied stress enables ' instantaneous’ deformation to take 
place over a series of frictional barriers, further deformation must be 
possible by thermal activation to overcome further barriers. This paper 
extends the above theory to include the effect of time and temperature. 


$2. THEORY 

The strain (e) produced when a specimen is subjected to a stress (e) is 
regarded as being composed of a large number of elements (N). Each 
element has to overcome an energy barrier (AF) before it can move forwards 
or backwards. "Thermal fluctuations with a natural frequency f allow this 
barrier to be overcome. When an element is so activated it produces a 
plastic displacement which contributes an increment v to the overall strain. 
If oc is the stress required to overcome each barrier, then an applied stress 
will reduce the activation energy to surmount a barrier by a factor : 
(1— e[oc). 

Tt is the basis of the theory for the stress-strain relationships of graphite 
referred to in the introduction that as a plastic deformation proceeds a back 
stress is built up. We shall relate this back stress to the creep strain by a 
coefficient (h) defined as the slope (0o/0«) of the plastic stress-strain curve. 
It is thus analogous to the coefficient of strain hardening defined by Mott 

(1951). From eqn. (1) the plastic strain is given by Bo?. Thus: 
hz dc[0e — 1|2Bo. 

This back stress reduces the effect of the applied stress and so the effective 
energy is reduced by a factor which is now: (1— (c — eA)][oc). 

‘These relationships were deduced by assuming that the critical stress is 
greater than the applied stress. It would seem from the theory for stress— 
strain behaviour that the critical stress is small (~ 10? dynes/cm?) and so 
man y energy barriers are overcome without the aid of thermal fluctuations. 
l'his instantaneous process ceases when the effective stress at an energy 
barrier is reduced by the back stress from o to oe. The effective energy 
barrier for creep is thus actually reduced by a factor: (1 — (oe — eh)]ac) 
(= eh]ac). i 

The chance that an element will jump in the direction of the applied 
stress in unit time is: 

E Jexp(— AF'ettective] KT), 
were k is Boltzmann's constant and 7' the absolute temperature 
The creep rate will then be: : 


é= Nv fexp (— chAF/o,kT). 

This leads to a logarithmic creep law which implies e transi 
creep continues indefinitely. This is because it o a 
reverse process, there being a finite probability that energy barriers can 
be surmounted in the direction opposite to that of the applied stress (cf. 
Seitz and Read 1941). The effective energy barrier to this TORG s : 
is increased by the applied stress and lowered by the back HE 
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will be altered by a factor: (1+(c—€h)/oc) which, because c-— ov, is 
(2 — chloe). 
Thus the net creep rate, considering the operation of both forward and 
reverse mechanisms, will be: 
e= v[exp ((1 —Ae[oc)AF[kT) -exp(—(1—Ae[loc) AP|kT], . (2) 
where 
v=Novfexp(—AF/kT). 
“ois simplifies to: 
é=2vsinh [(1 — Ae[oc) AF /kT}], E s.s (8) 
ivhich integrates to : 
«(t 2 oc[p. +K In [tanh (vt/K +tanh-'exp(P))], . . . (4) 
taking e(0)=0 when /— 0, where 
K —kToc[ AF -h, RENEI 
| When the probability of thermal activation is finite, i.e. P>0, this 
complex equation may be simplified to: 
e(t) & K n(exp(P)tanh (vt K) 2-1). . . ... . (5) 
For times such that vt/K » 1, tanh (vt/ K) tends to unity, so that the strain 
at infinite time is oc/h. ( — 2Booc.). 
For very small times such that vt/K is much less than unity, the strain 
rate tends to XN» f. 
At intermediate times, while there are still many barriers to overcome 
before equilibrium : 
e(t)= KIn(exp(P)(vt/K)+1). . . . . . . (6) 
| If the creep is referred to an arbitrarily chosen time t* within this inter- 
l mediate range after the instant of application of load : 
| EO (ARK ae esee sss (0 
If t* is taken to be one minute, assuming eqn. (6) operates at times 
before this, then 
| <(t)— «(1 min) = K In [t (in minutes)], oT A) 
| which is the relationship found experimentally by Davidson and Losty 
| (1958). 
1 
} When the applied stress is removed the back stress becomes dominant 
| and so creep recovery will take place after the instantaneous elastic 


recovery. The above mechanism lends itself directly to a related inter- 
pretation of the form of this recovery. 


If ¢’ is the amount of creep experienced before the load is removed then, 
by the same arguments which gave eqn. (3), the rate of creep recovery will 


| 
| be: 
¿= —2vsinh [— (u(e' — €)/oc)AF [IT]. 
The same approximations as in eqn. (5) yield : 
ex’ — K In (exp (e'[K)tanh (vt) Dy = (2) 
i taking e—e' when t=0. $ 
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When vi/K « 1, we have a recovery which approximates to a logarithmic | 
function of the time. When vt/K » 1, the strain recovery rate decreases so 
that the strain approaches the original zero before the stress was applied. 
Tn conclusion, the following major predictions may be made and subjected 
to experimental test : 
(1) When the material is stressed it will deform instantaneously to the 
major part of its elastic strain. However, a small part (=2Bove) 
will appear as a transient creep which approximates to a logarithmic 
function of time. 
(2) When the stress is removed the transient creep is recovered; thc 
extent of recovery is approximately a logarithmic function of time. 
(3) The slope of the creep strain/log time plots (K) is given by: | 
KEPBEN a E CLO) | 
It should thus be linearly dependent on the absolute temperature and i 
| the applied stress. | 
Davidson and Losty (1958) found experimentally that K is inversely 
proportional to modulus for different graphites. This isin accord with the 
above theory since B must also be inversely dependent on the modulus. 


§ 3. EXPERIMENT 
Torsional stresses were induced in specimens of fine-grained graphite 
(EY9 from Morgan Crucibles Ltd.) of length 4in. and diameter 0-25in. 
These were pinned to the ends of 0:5in. diameter graphite connecting rods 
and suspended in an argon-filled, carbon tube furnace. The upper 


Fig. 1 
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General form of creep and recovery curves. 
log time from the instant of loading 
instant of unloading. Stres: 


The creep strain is plotted against 
and the recovery strain from the 
S: 4-2 x 107 dynes/cm? ; temperature : 1950*c. 
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connecting rod was clamped at the top of the furnace. The lower rod led 
down through the bottom of the furnace and was subjected to a torque 
derived from dead weight loading. The torsion of the specimen was 
measured by the movement of a light beam reflected from a mirror which 
rotated with the lower rod. Maximum fibre strains of 5 x 10-9 could be 
dotected by calculating the shear strain at the periphery of the cylinder from 
iss known geometry. The lower rod and the tilt of the furnace were care- 
“ully adjusted until the connecting rod hung exactly in the centre of the hole 
a the bottom of the furnace leaving a 0-01in. gap around. The pressure 
of argon flowing out of the furnace at this point successfully prevented 
contact and so reduced friction to a minimum. The temperature was 


measured using a platinum/platinum-rhodium thermocouple in direct 
contact with the specimen. 


Fig. 2 
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Effect of temperature on creep. The cree 


the application of stress plotted against log time in minutes for various 
temperatures at constant stress. Inset is the effect of absolute tempera- 
ture on K derived from the slopes. Stress: 6-3 x 107 dynes/cm?. 


P Strain occurring from 1 min after 
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Fig. 3 
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Effect of stress on creep. The creep strain occurring from 1 min after the 
application of stress plotted against log time in minutes for various 


stresses at constant temperature. Inset is the effect of stress on K 
derived from the slopes. Temperature : 1250°c, 


Figure 1 shows a typical relationship between creep strain and log time, 
measuring the time from the instant of application of load, This instant 
is rather ill-defined as is the instantaneous strain but it is clear that before 
1 min has passed the logarithmic law applies; the slope is 0-62 x 10-5. The 
load was removed after 30min and the unloading curve plotted. Despite 


the uncertainty in the instantaneous strain, it is possible to see that the 
recovery curve is similar to the initial creep curve. 


E The slope in this case 
is 0-60 x 10—5 units which is in good agreement with t 


he slope on loading. 
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Since linearity was achieved at times below a minute, the method of 
Davidson and Losty (1958) was adopted in all further work whereby strains 
are related to the state of strain after 1 min (cf. eqn. (8)). This reduces the 
error in strain measurement at small times and also of the instant of 
application of full load. 

‘The effect of temperature on creep strain is shown in fig. 2 for times up 
to 100 min. Inset is shown the relationship between K derived from the 
eiopes and the absolute temperature. There is a good approximation to 
nearity, in agreement with prediction. It was found to be impossible 
+o calculate activation energies without adopting a more specific model. 

The effect of stresses on creep strain is shown in fig. 3. The relationship 
between K derived from the slopes and the applied stress is approximately 
linear, as predicted; these measurements are in agreement with Davidson 
and Losty (1958). 

At 1500*c it is just possible to detect an upward turn in the log plot after 
i00min. ‘This must be due to the secondary creep present at higher tem- 


le 


$4. Discussion 


Some microstructural interpretation may be given to the creep mech- 
anism. Normal commercial graphite consists of graphitized coke particles 
embedded in a matrix of graphitized binder. The component particles 
comprise parallel turbostratic polycrystalline layers; the basic dislocation 
structure has been analysed by Jenkins et al. (1962). The main boundaries 
are twist boundaries of glissile screw partial dislocations lying in the basal 
plane and tilt boundaries of edge dislocations perpendicular to the basal 
plane. The actual distortion is- complicated by localized deformation 
(kinking and bending (Jenkins et al. 1962)) due to the added degree of free- 
dom furnished by cracks and pores. However, since the basic glissile 
components can only be the screw dislocations we must presume that it is 
the movement of these through periodic energy barriers in the structure 
which accounts for the friction opposed plastic deformation (cf. Williamson 
1962). They are pinned at the tilt boundaries and so elastic forces tend 
to return the dislocations back to their original positions. Their length 
is governed by the crystallite size which depends on the heat treatment in 
manufacture. 

The nature of periodic energy barriers in graphite is still open to conjec- 
ture. Ifa Peierls-type barrier is assumed, a dislocation of length 7 has to 
move a distance of the order b against a frictional stress oc in order to 
overcome each barrier. The energy required AF is then given by 

AF x oelb?, 
where b= Burgers vector governing slip. 

Substituting in eqn. (10): 

K x 2kT Bo|lb?, 


Thus: 


l= [To/K]2kB]b?. 
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Putting k=1-3 x 10-16 ergs/°c, B= 10-2? (dynes/cm?)-? (from experiment), 
b?—2 x 10-16 em?, (K[To) —4 x 10-15 (dynes/em?)-? (?c)- (from the above 
experiments), we find : 

l=3 x 10-4cm. 

No good data for crystallite size in this graphite is known. The most 
precise estimate is derived from measurements on graphitized carbon 
films (Jenkins et al. 1962) which give a mean distance between boundaries 
of 1 to 2 x 107^ em for heat treatments at 2700°o (the temperature appro- 
priate to the graphite under test). If the above mechanism applies, those 
areas of larger | contribute more to creep and hence the calculated value “oz 
l should be greater than the observed average, as is the case. 


ACKNOWLEDGMENTS 


The author wishes to thank Dr. G. K. Williamson for his direction and 
advice, Mr. J. Barnett for his help with the experimental work and the | 
Central. Electricity Generating Board for supporting the work and for | 
permission to publish. 


REFERENCES 
ANDREW, J. F., OKADA, Jun, and Wozscwatt, D. C., 1960, Proceedings of the 
d Fourth Carbon Conference (Pergamon Press), p. 559. 
Davinson, H. W., and Losrv, H. H. W., 1958, Mechanical Properties of Non- 
r metallic Brittle Materials (London : Butterworths), p. 218. 
JENKINS, G. M., 1962, Brit. J. appl. Phys., 13, 30. 
JENKINS, G. M., TURNBULL, J. À., and Wiuramson, G. K., 1962, Proceedings 


of the 5th International Congress for Elect Mi rk : 
Ae n CR fe ron Microscopy (New York : 


Morr, N. F., 1951, Proc. phys. Soc., Lond. B, 64, 729. | 
Serrz, F., and Reap, T. A., 1941, J. appl. Phys., 12, 474. | 


WirLrAMsON, G. K., 1962, Institute of Metal ; ó : 
Graphite? paper 13, p 8t. eiae Symposium on." Uranium, and 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
[ 911 ] 


Anisotropic Thermoelectric Power of AuSn 


By J.-P. JAN and W. B. PEARSON 


Division of Pure Physics, National Research Council, 
ysics, Na 
Ottawa, Ontario, Canada 


[Received 12 February 1963] 


ABSTRACT 


The absolute thermoelectric power of single crystals of AuSn has been 
measured between 2-5?x and room temperature for various orientations with 
respect to the hexagonal axis. The results exhibit a very pronounced aniso- 
tropy. A maximum is found in the a direction around 25?& and attributed 
to anisotropic phonon-drag effects. The temperature dependence and the 
anisotropy are discussed, and some speculations are presented regarding the 
electronic structure of AuSn. 


$ 1. INTRODUCTION 
HE anisotropic thermoelectric power of non-cubic conductors was first 
demonstrated by Svanberg (1850) on bismuth and antimony. Most of the 
subsequent work on metals in this field was done before the introduction 
of an absolute scale of thermoelectric power (cf. Landolt-Bérnstein 1959), 
and interpretation was hampered since *phonon-drag? had not then been 
recognized as one of the main sources of thermoelectric power. 

Hexagonal metallic AuSn is the only known substance having the nickel 
arsenide structure without containing any transition metal atom. In the 
course of studies of this compound, we have measured the absolute thermo- 
electric power of four single-crystal rods, eut at various angles to the 
hexagonal axis, and found a most striking anisotropy. 

The four samples were cut out of one large single crystal, lying just in the 
two-phase region, since it contained a few globular inclusions of a second 
phase. They alllieina (010) plane, one being parallel to the c axis, one to 
the a axis, and two presenting intermediate orientations. 

Results of measurements made between 2°K and 300°% are given in 
figs. Land 2. All measurements were made by a differential method, below 
about 20*x by means of gas thermometers, and above that temperature by 
thermocouples. The thermoelectric Power was measured against lead and 
corrected for the absolute thermoelectric power oflead (Christian ef al. 1958). 


$2. CHANGE mn RESISTIVITY AND THERMOELEOTRIO POWER WITH 
CRYSTAL ORIENTATION 


Let us define Proo1j ANd Spo respectively as the electrical resistivity and 
thermoelectric power measured along a rod cut parallel to the [001] 


direction (c axis), Pioo) and Sog; 88 the same quantities along the [100] 
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direction (a axis) Furthermore, we define ¢ as the angle between the 
c axis and the geometrical axis of the sample (see figs. 1 and 2). 

The electrical resistivity measured along a rod of a uniaxial crystal such 
as hexagonal AuSn varies with orientation according to Thomson's 
symmetry law (cf. Thomson 1854, Voigt 1928) : 

p($) = Prov) sin? $ + pii; C08" 9. Sore ss d) 
The ideal electrical resistivity p!=pyos-,—Pyx follows the law, within 
experimental uncertainties; pj; is about 50% larger than p"; 5 f 
room temperature. 


0.4}- do 
X AuSn (OIO) PLANE 


M Om 
À ENG Sees [100], $=90° o 
o o [*] 


S IN UNITS OF 1075 V/DEG 


^ 
-2aL io Lee 
! t L i L 
o 40 80 120 160 200 240 280 


TEMPERATURE (°K) 


SDR RE moeleitie power of four single-crystal rods of AuSn, as a function 
ol temperature. Crosses (x ) represent calculated points (see text), 


In the low temperature range, where transport properties are dominated 
by impurity Scattering, we might expect that our measurements are not 
capable of testing Thomson's law for residual resistivity and thermoelectric 
power, because of slight differences of average composition and impurit 
content of the four samples. Indeed our results confirm this c 
The absolute thermoelectric power Sis also expected to follow Thomson’s 
aw : 


S(0) = S. sin? 0 + Stoo C08? 6, 
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if is the angle between the hexagonal axis and the direction of the temper- 
ature gradient. Experimental conditions are such that the heat flow is 
directed along the geometrical axis of the sample ; if the thermal conduct- 
ivity is anisotropic, the direction of temperature gradient will then generally 
deviate from the axis of the sample (cf. Stabler 1934, Kohler 1941) ; in 
terms of the angle ¢ between the geometrical axis of the sample and the 
hexagonal axis, the thermoelectric power is given by : 


ee : Y IL Be 0s? in? 

8:5) = Su gy sin? d + Sui cost d + (Stoo Sion (E pices $ sin D (3) 

k cos? à -- sin? $ 
wl 
k= Kool 100) e . D . . . . . . (4) 
is ths z;^isotropy in the thermal conductivity, x. 
Fig. 2 
i AuSn (OIO) PLANE HT scd 
0.4 o^ [i00], $= 90° 
tu 
o2 3 
O; ccc =~ 

g A 9" $=60° 

[*] 

> [0] x i eee = 

Qu 

e ta = 

$ as 

© -o2 ^N 

E c 

z SS x 

N 

-0.4 [ooi] SS x 
[001], ¢=0° 


TEMPERATURE (*K) 


Absolute thermoelectric power of four si 
| ngle-crystalrods of A: function 
of temperature. Crosses (X) represent calculated M sni P 


On figs. 1 and 2, all solid lines are smoothed curves through the measured 
points. The crosses (x) represent some values calculated for the two 
samples of intermediate orientation, from the smoothed curves referring to 
the [100] and. [001] directions, assuming isotropic thermal conductivity. 
Above 10°x, the crosses lie systematically slightly above the smoothed 
curves. This may be due to anisotropic thermal conductivity and to a 


P.M. 
M 3? 
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small misorientation of the samples. Below 10°K, however, we found 
larger discrepancies between calculated and measured values, which cannot 
be explained by anisotropic thermal conductivity. As already noted, 
these appear to be caused by chance differences in the composition of the 
four samples. 


$3. TEMPERATURE VARIATION OF THE Two PRINCIPAL 
THERMOELECTRIC POWERS 


In the discussion of thermoelectric power, it is convenient to distin; ish 
three temperature ranges : 
(a) a very low temperature range, in which diffusion thermoele+<ic 


power ruled by impurity scattering dominates ; 

(b) an intermediate range where phonon-drag effects are importi2.5 ; 
these are expected to increase from the lowest temperatures, reach a mezi 
mum around 05/5 (05-Debye temperature) (cf. MacDonald 1962, 
Pearson 1962) and then decline in magnitude to become negligible around 
05; 

(c) above Op, a range in which diffusion thermoelectric power ruled by 
phonon scattering dominates. 

The curves of figs. 1 and 2 exhibit the following features : 


(1) A negative thermoelectric power at the lowest and also at hich 
temperatures. = 


(2) A large positive bump in the [100] sample, with a maximum at about 
25°K and a small positive bump in the [001] sample, also around 25°x. 
_ (3) An overall change in slope around 25°x for the [001] sample ; dS/d7 
3 TER -= p pv/deg? at 5?k, and about — 0-005 pv/deg? above 50°x 
n the [100] sample, the corresponding slopes are about —0-017 gi 
(5°x) and 0 (by 150°x). j Sa 
(4) Anisotropy in the whole temperature range. 
We shall consider the various points in turn. 


(1) On a simple model, a negative thermoelectri 
j odel, e power w 

predominant electronic conduction. A normal SOLE ue 
D then be E em Umklapp phonon-drag, positive. The word 

mklapp is use rou t thi P i ion 
a et ghout this paper to qualify a positive phonon-drag 

(2) The maximum around 25°x in the 
positive (Umklapp) phonon-drag effect. 
bump in the [001] sample seems we 


[100] sample is most likely a 
The presence of a small positive 
ll confirmed by the more precise gas 
gh the thermocouple measurements 
e of a bump rather than a smooth 
for by a misorientation of the crystal ; 
misorientation of about 15° would be 
an the experimental uncertainty. Itis 


exhibit some scatter. The presenc 
curve cannot possibly be accounted 
on the basis of Thomson’s law, a 
required, and this is much larger th 
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not unlikely that Umkl. 
mostly in the basal pl 
axis. 


app processes are strongly anisotropic, occurring 
ane, but with a small component along the hexagonal 


Fig. 3 


Hypothetical Fermi surface for AuSn (see text), shown in a, repeated zone scheme. 


(3) The overall change in slope around 25°x for the [001] sample may be 
due to the transition from impurity scattering to thermal scattering in the 
diffusion term of the thermoelectric power. It is not excluded however 


3P2 
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that a negative phonon-drag contribution could be present; it would 
increase in magnitude smoothly at the lowest temperatures, in contrast 
with the abrupt rise of an Umklapp term, and decrease above 25*x. 
Similar considerations apply to the [100] sample. 

(4) Anisotropie phonon-drag has been considered above. Diffusion 
thermoelectrie power is given by the well-known formulae : 


S... dir — sz?k?T [An onoo (E) : (5) 
[100] 3et Qln E Lm. / 
coeurs [roluemE)|- egy 
(001) 3e% mE pee $ 
where all terms have their usual significance. The customary decon- 


position of the logarithmic term into the sum of a scattering term ai. a 
intrinsie term is only justified when the Fermi surface does not depart 
appreciably from sphericity and is certainly not permitted in our sase. 
However, it is not difficult to imagine a model leading to an anisotropy in 
this logarithmic term. Such is the case, for instance, when the energy 
surfaces are simply concentric spheres truncated by planes normal to the 
hexagonal axis, even when the relaxation time is isotropic. Suitable 
anisotropic Fermi surface and relaxation time would undoubtedly lead to 
similar results. 

If the large overall anisotropy of S below 5?k results from diffusion 
thermoelectricity, this might also contribute to the anisotropy of S found 
in the room-temperature range, because the room -temperature resistivity 
of the samples is only about 13 times their residual resistivity (cf. Nordhei m 
and Gorter 1935, Kohler 1949, Gold et a]. 1960). A numerical estimate 
shows that this contribution from impurity scattering would amount to 
ro ughly 20% of the observed room-temperature anisotropy. 

It is also possible that phonon-drag might contribute to the room- 
temperature anisotropy : although empirically it appears that the phonon- 
drag contribution to the thermoelectricity of some metals has fallen to a 
small value at high temperatures (cf. e.g. Gold et al. 1960, MacDonald 1962), 
MacDonald and Pearson (1961) have pointed out that this need not be a 
general feature in metals, and that the phonon-drag thermoelectric power 


in some cases could be quite comparable with the ex EDON 
pect 
component at normal temperatures. pected diffusion 


§ 4. SPECULATIONS ON THE ELECTRONIC STRUCTURE OF AuSn 


The type of Fermi surface shown in fig. 3 seems capable of explaining 
qualitatively some features of our experimental results, and we offer it as 
an interesting possibility, by no means unique 
revolution around the hexagonal axis, ‘ 


girl’ type. The surface touches the B 
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larger than a minimum q, This model provides strongly anisotropic 
Umklapp in the [100] direction with a possible small component in the [001] 
direction. Contact along the hexagonal axis is necessary to ensure a 
larger electrical resistivity in this direction, as observed. 

The de Haas-van Alphen periods observed in AuSn by Beck et al. (1963) 
are too long to account for the ‘belly’ orbits of fig. 3, but the failure to 
obse:7» short periods corresponding to large extremal sections of such a 


Termi surface is not at present a cause for rejecting this model. Rather, 
‘he zimber of long periods found indicate a much more complex Fermi 
surfe Attempts to work out a single OPW approximation (free electron 
sphe ‘iced by Brillouin zone boundaries) meet with difficulties. The 
num. of conduction electrons is not known. Assuming five conduction 
dect:oz3 for each ‘molecule’ of AuSn, a nearly-free-electron model 
seems ~aable to account for the de Haas-van Alphen results of Beck ef al. 


and dess not produce any portion of Fermi surface of the Gibson-girl type 
along tne c direction. However, it is by no means certain that Au contri- 
butes one metallic conduction electron and Sn four, when for instance a 
compound like AuCs is a semiconductor. 
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| ABSTRACT 


] Field ion mieroscope observations have been made of the effects of alloying 
! tungsten with rhenium, and a series of alloys have been imaged and examined. 
Í The structure of two alloy grain boundaries has been determined, stacking- 
| faults imaged and a o-phase precipitate particle examined. ‘Tentative 
explanations are put forward to account for the micrographs obtained and it is 
concluded that under suitable conditions atomic species could be distinguished. 


$1. INTRODUCTION 


Tux field ion microscope has a resolution of 2-34 and hence, despite some 
j serious disadvantages (e.g. Brandon et al. 1962), it is a most powerful tool for 
| studying the structure of metals and alloys. Müller (1961) has obtained 
field ion micrographs from a number of alloys but has not yet attempted 
any detailed interpretation. 
| This paper reports the results obtained from a study of tungsten-rhenium 
| alloys. In the tungsten-rhenium system the limit of solid solubility of 
| rhenium in tungsten is about 27% at room temperature and about 35% 
| at 1700?c (Dickinson and Richardson 1959). Three alloys have been 
| studied containing nominally 5%, 26% and 34% rhenium. The first two 
are single-phase solid solution alloys while the third is a two-phase alloy 
| containing small amounts of o-phase in a B-phase matrix. 


§ 2. EXPERIMENTAL 
2.1. Microscopy 


| 

| 

| 

| The apparatus used was that described previously (Brandon and Wald 

Í 1961). A background contamination pressure of about 5 x 10-8torr was 

| obtained in the microscope chamber. Helium was used as the image gas. 
The helium was purified over charcoal and pumped continuously through 
the microscope chamber at about 5x 10-3 torr. The specimens were 
examined at liquid nitrogen temperature. 
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2.9. Specimen Preparation 

Specimens of the three alloys were prepared from 0-5mm and 0-1 mm 
diameter wire by one of two electropolishing techniques followed by field 
evaporation in the microscope. In the first technique (Yashiro 1961) 
a 2000 ur condenser pack was repeatedly discharged through the specimen, 
which dipped into a 2mm layer of 10% aqueous potassium hydroxide 
floating on a bath of carbon tetrachloride. By varying the voltage 
across the condenser pack between 0 and 100 v d.c. it was found possible to 
control the tip taper and avoid preferential attack at the meniscus, The 
second method was devised to produce tips from alloys of metals “1 the 


platinum group and was also found to be suitable for preparing tiss of 
tungsten-rhenium alloys. The electrolyte was a 2mm layer of 19% 


potassium cyanide floating on a bath of carbon tetrachloride. Potts ing 
was carried out at 0 to 10 v a.c. and platinum or a cobalt—platinum zi 
served as the other electrode. This second method was found to 
very fine tips of these tungsten-rhenium alloys, less than 100A in radi 
more rapidly than the first method, but the surface of the specimens appeared 
etched when examined by optical microscopy. This etching occurred at 
the grain boundaries and led to frequent tip failure in the microscope. 


$3. Previous Work 


Alloying tungsten and molybdenum with rhenium has been shown to 
improve ductility (Geach and Hughes 1955). This improvement in 
ductility has been attributed to several factors (Jaffee et al. 1 958): 

1, Oxygen, present at the boundaries as an oxide film in the unalloyed 
metal, is scavenged by the rhenium to give particles of a complex oxide. 

2. Twinning becomes easier, probably because of a lowering of the 
stacking-fault energy, and is a further mode of plastic deformation. 

3, The concentration of interstitial oxygen is reduced. 

Mechanical twinning has been reported in high purity tungsten at defor- 
mation temperatures below 211°x (Schadler 1960, Koo 1960), while Wolff 
(1962) has produced twins up to 3 thick in tungsten single crystals 
deformed to fracture at room temperature under tensile Gottes In 
aa ews and molybdenum-rhenium alloys Sims and J affee 
M iS eee eo twinning at room temperature for rhenium 
fe m habit plane has been shown to be 

: cy S _Schadler and Lawley (1961) have performed an 
mW 7 nsin molybdenum-359/, rhenium and have shown that 
; on { 12} planes by shear in the (111) directions. 


(112) by an angular anal ysis 


$4. RESULTS 


p field ion mierographs have been obtained from each of the three 
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4.1. Tungsten 5% Rhenium 
4.1.1. Annealed condition 
“igure 1 shows a region from a field ion micrograph of undeformed 
tungsten 5% rhenium. The alloy micrograph is not noticeably less 
-ogular than those obtained from pure tungsten. The possibility of 
alysing the image to find the distribution of rhenium has been examined, 
cut the analysis is not simple, as will be shown in $5. 


Fig. 1 


Undeformed tungsten 595 rhenium. 


4.1.2. Cold -worked. condition 

Figure 2 is a micrograph from a specimen deformed at room temperature 
by bending prior to specimen preparation. "The bright streaks are thought 
to be due to the presence of stacking faults. Stacking faults in b.c.c. 
crystals have been discussed by Hirsch and Otte (1957) and electron 
micrographs have been taken of stacking faults in tungsten (Nakayama 
et al. 1961). The streaks are always parallel to the line of intersection of 
{112} planes with the surface and are only one atom in width. Figure 3 isa 
(110) projection of a b.c.c. lattice containing a stacking fault and demon- 
strates that a step is produced on the surface. The coordination number 
of an atom situated at a site such as A is virtually the same as that of an 
atom at a site such as B and there will therefore be no preferential field 
evaporation from A sites although these protrude more and will give 
enhanced field ionization. The sharpness of the streaks may be explained 
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idge formed by the fault, 
by a focusing effect of the field contours over the ridge formed by the 
o R : 
leading to the streaking seen in fig. 2. 


eee 


i i ight lines associat ith stacking faults. 
Tungsten 5% rhenium showing bright lines associated with stacking fa 


Fig. 3 


[oor] tur] 


[10] 


[un] 


© ATOM IN THE PLANE 
OF THE DIAGRAM 


O ATOM IN THE PLANE 
DIRECTLY ABOVE OR 
BELOW THE PLANE 

"d OF THE DIAGRAM 


ing a stacking fault and showing that a 
Step is produced on the surface 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


rr CCCII UELUT ge 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
Field Ion Microscope Study of some T'ungsten-Rheniwm Alloys 923 


which at 78°K may be relieved by this surface faulting. The growth of 
these surface faults can be followed by eye but because the intensity of the 
image is very low cine-recording is not yet possible. These surface faults 
:sually extend only a few atom layers into the specimen and by careful 
icid evaporation they can be removed. 


4.3.3. Boundary effects 
A sudden increase of the potential can also lead to brittle failure of these 
loy specimens at transverse boundaries near the point of the tip. This 
ype of failure occurs more frequently with tungsten-rhenium alloy 
specimens than with pure tungsten specimens. Grain-boundary etching 
during specimen preparation is probably a contributory factor and this 
preferential etching at the grain boundaries might be due to the presence of 
complex tungsten-rhenium oxide particles (Jaffee et al. 1958). 


Fig. 4 


(a) Tilt grain boundary in tungsten 5% rhenium. 
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Fig. 4 (b) 


© CRYSTAL A 
X CRYSTAL B 


PLANE OF BOUNDARY 


(b) Stereogram from fig. 4 (a) showing the plane of the boundary 
and its pole P, and the axis of misorientation, A. 


Figure 4 (a) shows a region from an undeformed specimen containing a 
grain boundary. This grain boundary has been analysed and fig. 4 (b) 
is the resulting stereogram showing the plane of the boundary, and the axis 
of misorientation. The orientation of the boundary was obtained by field 
evaporating the specimen plane by plane, while the axis of misorientation 
was obtained by a geometric construction on the stereogram. 

The angular misorientation across this boundary is approximately 30° 
and since the axis of misorientation lies close to the boundary, the boundary 
is very nearly pure tilt. The plane of the boundary is approximately 
(111) and the axis of misorientation is within 10° of [032]. The boundary 
is seen to be a few lattice spacings in width but in some regions the degree 
of fit is exceptionally good, for example at X in fig. 4 (a), in agreement 
with Mott's theory (1948). A certain number of bright spots can be seen 
Segregated at the boundary. "These may well be impurity atoms but 
other interpretations are possible (Brandon and Wald 1961). 

Figure 5 (a) is a micrograph from another specimen containing a grain 
boundary and fig. 5 (b) is the corresponding stereogram. This boundary is 
a mixture of tilt and twist with a misorientation of approximately 40°. 
The plane of the boundary is approximately (320) and the axis of misorien- 
tation near [112]. In previous work on grain boundaries in tungsten 

large bright spots segregated at the boundaries, such as are Seen in fig 5 (a) 
have not been observed (Brandon et al. 1962). This specimen was field 
evaporated layer by layer and similar structures recorded throughout. 
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Fig. 5 
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© CRYSTAL A 
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(0) 


(a) Mixed grain boundary in tungsten 594 rhenium. (b) Stereogram from 
fig. 5 (a) showing the plane of the boundary and its pole P, and the axis 
of misorientation, A. 
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poration from a 


p i after a small amount of field eva 
Figure 6 was obtained after a small a Mhe very laige 


'S 'ai ry. 
specimen that failed at a transverse grain ee m E ORAE 
number of bright spots may either be attributed p a high ae 

r 'obably, to ‘at roughness '. 
impurity near the boundary or, less probably, to “atomic roug 


Fig. 6 


Tungsten 5% rhenium after a small amount of field evaporation from a speci- 
men that failed at a transverse grain boundary. 


4.2. Tungsten 26% Rhenium 
4.2.1. Annealed condition 
Figure 7 is a field ion micrograph from undeformed tungsten 26% 
rhenium in which only the low index planes are discernible, A comparison 
with fig. 1 shows qualitatively the very strong effect of increased alloying 
in reducing the crystallographic regularity on the field ion micrograph. 
4.2.2. Cold-worked condition 
Figure 8 is from a specimen deformed at room temperature by bending 
prior to specimen preparation. Deformation twinning is known to arora 
very easily in this al loy (Sims and Jaffee 1960) and in fact large numbers of 
streaks corresponding to the intersection of {112} planes with the surface 
have been observed. These streaks can best be explained as closel y spaced 
Stacking faults (approximately 5 atom diameters apart) identical to those 


PERSE Tee 
in the 5% rhenium alloy. Such a high localized concentration of faults 


could appear as a deformation twin when observed with an optical 
microscope. 
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Fig. 7 


Fig. 8 


Deformed tungsten 26% rhenium showing a large number of stacking faults. 
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4.9. Tungsten 34% Rhenium 

Figure 9 is a field ion micrograph from a single-phase region in this 
alloy which should be comparable with fig. 7 since this B-phase region is 
expected to contain about 27% rhenium. This specimen was removed 
from the microscope, the tip electropolished back about 0-1mm, and 
then remounted in the microscope. On reapplying the field two regions 
were observed separated by a dark band, indicating that some etching 
had taken place across the end of the tip. The etching proved to be dus 
to the presence of a o-phase precipitate particle which was imaged after 
further field evaporation. 


Single-phase region of tungsten 34% rhenium. 


The str ^ i ti A 
md rt IE of this par ticle was studied by taking photographs after the 
ue Pus Sons of a few planes, so that micrographs wer 
5 E ae Dm oe layers for about 2000 planes. Figure 10 is ae 
ieee Tographs. Some structure can i i ae 
particle, which appears to be severely a ae in the precipitate 


of the atomic planes in the matrix wi Continuity of a number 
e matrix i E A ORB 
Nonum with those in the precipitate indicates 


ERI coherent. The particle i 
; ; 2 Hi shows a | i 
ee T the matrix but it is not certain whether a vid 
rent structure of the precipitate or is attributable n ds 
rhenium content. e to the difference in 
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Fig. 10 


Tungsten 34% rhenium showing precipitate of o-phase. 


§ 5. DISCUSSION 


In interpreting the field ion image both the effects of the preliminary 
field evaporation and the field ionization process itself must be considered. 


5.1. Field Evaporation 

Field desorption of sa adsorbed atom from a metal surface has been 
treated theoretically by Müller (1960) and Gomer (1961) for the case where 
the adsorbed atom is cither covalently or ionically bound to the surface. 
Gomer considers that the field evaporation of ions from their own lattice 
is intermediate between these two types of field desorption. Neglecting 
polarization effects Miiller arrived at the following equation for the evapo- 
ration field : 

Fy=n eA + Vy—$—kT{n(r/7,)}]%, 2 se QU 
where ne is the charge on the ion, A is the vaporization energy of an atom, 
Vis the ionization potential of an atom, ¢ is the work function of a particu- 
lar atom plane, 7 is the evaporation rate and To= 1/v is the reciprocal of the 
vibrational frequency of the evaporating particle. 

Since the term in 7/7, is small at low temperatures compared to the sum 
of the parameters A, Vy and —¢ this frequency term can usually be 
neglected when discussing field evaporation. Müller (1961) has given an 
elementary explanation of the formation of the stable tip surface by field 
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at smoothing of protrusions on the surface is 
ad to high local fields and rapid evaporation 
at in a region where A+ V1— 4 is 
since at constant evaporation 
al radius 
f- 


evaporation and has shown th 
to be expected since these will le 
rates. Müller has also pointed out th 
low, flattening of the tip surface is expected, i 
rate the field over such a region will be lower, implying a larger local r: i 
of curvature. However, Wald (1963) has calculated the expected. 5 


ferences in radius of curvature and has shown that the variation in A+"; --¢ 
cannot by itself account for the very large changes in curvature obs: d 
inrealtips. Wald suggests that these are due to the orientation depend ‘2 
of the field set up by the electrical double layer at the surface. 3 
field is essentially a function of the charge density, which depends c»: 2.2 
atomic packing, and may be as high as 3 v/ A at the surface of a close-pac °c 


plane. The flattening of the tips in this region could be explainec oy 
such a local field. 

Miiller (1961) has discussed the effect of impurity atoms on the ficlc 
evaporation process and on the field ion micrographs subsequently obtained. 
Müller suggests that an impurity may change the field evaporation energy 
of a single high index net plane in such a way as to bring it out of the normal 
sequence of evaporation of the neighbouring planes, so that this plane 
cannotappearintheimage. Hearrives at an approximate rule which states 
that only planes with a highest Miller index, /=c-"3, can appear, where c 
is the approximate impurity concentration. He considers this rule 
applicable only when the bulk metal and impurity atoms have considerably 
different diameters and electron configurations. 

More rigorously, we can consider what differences there could be in the 
properties of an impurity atom that would lead to its preferential evapora- 
tion or retention in the lattice. The above discussion indicates that 
differences in local radius of curvature and charge density, as well as 
differences in the three parameters A, V, and ¢, may all be important in 
promoting field evaporation of some atoms. However, the local radius of 
curvature is not an independent variable and after evaporation of several 
atomic layers the local radius of curvature will reflect the differences in 
charge density and evaporation field. It is quite possible that local dif- 
md d Ry associated with an impurity atom may alter the 
electric field at the surface in the regi he i ri j i 
feo am be used to predict diforenoes in the Held omontion ato dur 

à : onization rate for 
helium over different atomic species. 
mu BS in charge density lead to differences in local field, 
a : s cu er s = d Oe e ERAN in the value of the evaporation 
oued to fub eet ergy, ^, may be defined as the energy 

q n atom from the bulk metal to infinity and will depend 
on the number and type of bonds of the atom in the bulk metal Differences 
in A will then reflect the nature of the evaporating atom od its atomic 
surroundings. The ionization potentials, V., of tun sten and rheni 
are 7-98 and 7:87 ev respectively (Müll 60) a, d PII 
re eect of this a ely ( üller 1960) and this difference is of course 

p site from which the atom comes. The work function, 
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d, can be defined as the energy required to take an electron from inside the 
metal to the position of the peak of the Schottky saddle, and will vary 
from plane to plane because of the variation in double layer potential 
.oluchowski 1941). In so far as local variations in charge density 
‘sat the double layer potential, the work function may be considered to 
xy from one atomic species to another on the same plane. We can 
conzlude that there will be genuine differences in the field required to 
porate atoms of different atomic species in the same geometrical position, 
^: that there may be superimposed on these differences a small effect for 
ssoms of the same species if the atomic environment varies. Hence it is 
49 be expected that the field evaporated surface of an alloy will be more 
a omically rough and the crystallographic features more difficult to 
istinguish. 

Whilst this obscures crystallographic features and makes it much more 
difficult to observe lattice defects, it should be realized that the atomic 
roughness obtained by d.c. field evaporation is capable of giving information 
on the type and distribution of binding in the alloy, since the very fact that 
some atoms are preferentially evaporated implies a difference in the 
parameters discussed above. 


5.2. Field Ionization 


As mentioned in the previous section, local differences in charge density 
can alter the electric field at the metal surface and hence change the rate of 
field ionization in the vicinity. "These variations in charge density arise 
from the effect of the impurity atoms on the electronic structure of the solid 
solution. Adding a solute atom to the solvent modifies the electronic 
structure by producing a perturbing potential which tends to change the 
state of motion and energy of the valence electrons. Slater and Koster 
(1954) arrived at a general result for the effect of a localized perturbing 
potential, Vp, on the allowed energy band structure. If Vp is less than a 
certain value, they found that the energy levels are distributed in about the 
same manner as they are in the perfect pure solvent butif Vpis greater than 
this critical value, one of the energy levels forms a discrete state (called a 
bound state) separated from the conduction band. For a random distri- 
bution of solute atoms, if the nuclear charge of the solute atoms differs by 
only one or two from the charge on the solvent atoms, then the energy levels 
will be only slightly shifted. Since tungsten and rhenium are neighbours 
in the periodic table we would therefore not expect to find bound states. 

Friedel (1954) has considered the valency and size effects in a solid solution 
for both dilute and finite concentrations and by considering valency effects 
alone has shown that for dilute solutions the perturbation potential, Vp, 
can be expressed in terms of Z, the difference in chemical valency between 
the solute and solvent atoms: 


VysZ[rexp(—qr); g= 4r Ny (Emax), - - - - (2) 
where No (Emax) is the density of states at the Fermi surface, r is the radial 


3Q2 
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distance from the solute and g a measure of the screening radius; q~ 1A. 
For finite concentrations of solute atoms the solute interactions were con- 
sidered to determine the radius, Jo, of the spheres of influence of the 
impurities. Rọ was found to be less than 5 atom diameters for most metals, 
and for iron and nickel, the only transition metals tabulated, Ry was found 
to be approximately 1 atomic diameter. As Ry is the radius of the sphere of 
total screening at infinite dilution in alloys of transition metals, the pertur- 
bations are expected to be completely localized by screening. 

On this basis a rhenium atom should not affect the contrast obtained from 
its tungsten neighbours in a field ion image, although the contrast obtai:«d 
from the rhenium atom would be expected to differ from a similarly situated 
tungsten atom. However, the value and shape of the perturbation 
potential, Vp, will be altered when the solute atom lies in the suríi:^, 
and further altered by the application of an electric field, since the electric 
field will be screened by the redistribution of the conduction electron cloud, 
and this can lead to a reduction in the smoothing effect of the electron cloud 
on the periodic ionic potential (Smoluchowski 1941, Brandon 1962). 

The extent to which the conduction electron cloud is pushed back will 
depend on the screening of the field by the positive ion cores which are 
exposed in the process. This screening is related to the ion core density, 
and hence to the number of nearest neighbours around the atom concerned, 
as well as to theionic charge. Ithas been shown that atoms with calculated 
coordination numbers between 5 and 7 give rise to observable image spots 
on micrographs of pure tungsten while those with a coordination maaa less 
than 5 are removed by the preliminary field evaporation process (Brandon 
1962). Moore (1962) has demonstrated that the atoms which form the 
image in a field ion mierograph can be specified by their distance from the 
surface of a sphere. Both analyses give reasonable agreement with obser- 
ved results. In an alloy it might be expected that, because of the large 
number of permutations of nearest neighbours, image spots will be Ohne 
from atoms with a wider range of coordination number. 

It would seem that there are three possible effects that a solute atom at 
the surface may have on the field ionization probability above tl s 
Firstly, the perturbation potential associated with tl s I vs ed TA 
change the local charge density and hence affect t} a ae 

ee pace à he field. Secondly, the 
Aum 1n ionic charge may give rise to loca] differences in AE 
once the conduction electrons have been stripped back. Thirdly, the 


hence would be expected to give a weaker image 
Whether or not atomic species can be distinguished 
examining the voltage dependence of the ima 5 s 
field is less over one atomic Species compared i 2 
would not be expected to appear in the image at th 
image formation (Southon and Brandon 1963) 
The above discussion indicates that these 


an be tested by 
If for any reason the 
other, then this species 
he threshold voltage for 
but only at a higher voltage. 
differences should certainly 
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exist and preliminary experiments on the 26% rhenium alloy confirm 
this conclusion. However, it is not at all clear what relative weight one 
uld give to the three effects outlined above, especially as they are to a 
grest extent interdependent. It might be noted that an oxygen atom in the 
lattice would give a much larger perturbation potential than rhenium, with 
posse bound states and relatively ineffective screening. The large 
bricht spots in fig. 4(a) can be explained on this basis and could indicate 
t is the perturbation potential set up by the impurity that has the 
grcosest effect on the image. 


$6. SUMMARY 


To interpret an alloy field ion micrograph a number of effects have to be 
considered : 

(a) The field evaporation of different atoms from an alloy surface. 

(b) The electronic structure near a solute atom in the solvent matrix. 

(c) The process of field ionization over different atomic species at the 

surface. 

Field evaporation of an alloy leads to a erystallographically irregular 
surface. The electronic effects of introducing a rhenium atom into a 
tungsten matrix are localized while the introduction of an impurity atom, 
such as oxygen, leads to less localized effects. 
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The Generation of Dislocations in Metals by Low Energy 


Ion Bombardment 
By Prers Bowpent and D. G. BRANDON 
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ABSTRACT 


Thin foils of gold, copper and nickel were bombarded on one surface with a 
beam of 100 evargon ions at normalincidence. Glissile and Frank-sessilo dislo- 
cation loops and dislocation dipoles were formed close beneath the bombarded 
surface, and both the type of loop and their arrangement were found to 
depend critically on the crystallographic orientation of the surface. The results 
are interpreted in terms of the stability of different dislocation arrangements 
near free surfaces of differing orientation. The condition for the stability 
of both glissile and sessile loops in gold is that their Burgers vectors should 
lie within approximately 5° of the plane of the surface. Only glissile loops 
were observed in copper. Sessile loops were more numerous in nickel than 


in gold. 


$ 1. INTRODUCTION 


AN electron microscope study of radiation damage in face-centred cubic 
metals has been made using a low energy ion beam as asource of bombarding 
particles. With such a source it is possible to produce a high concentration 
of damage close to the surface of a metal specimen in a relatively short time. 
'The damage takes the form of dislocations and dislocation loops that are 
readily visible in the electron mieroscope (Brandon and Bowden 1961). 
This paper interprets the contrast observed from these defects, and describes 
and explains their arrangements as a function of crystal orientation. Low 
energy ions are not expected to be able to penetrate the metal lattice, but 
jection of interstitial point defects to about 100A below the 


cause the in 
surface by replacement collision sequences along rows of atoms (Bowden 


and Brandon 1963 a). 


§ 2. EXPERIMENTAL 


Thin foils of annealed gold, copper or nickel were prepared by electro- 
polishing and mounted in an electron microscope specimen holder. They 
were then placed in a specially designed ion beam apparatus (Bowden 
and Brandon 1963b), the temperature of the specimen holder was 
adjusted, and the specimen was bombarded at normal incidence with a 
flux of approximately 5x 10cm sec! of 100ev argon ions. The 
background pressure of contaminant gases in the vicinity of the specimen 


T Now at Physics Department, University of Illinois. 
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was less than 2x 10-9mm Hg. Specimens were subsequently removed 
from the ion beam apparatus and examined at room temperature in a 
Siemens Elmiskop I electron microscope. 


$3. DISLOCATION LOOPS 


Figure 1 shows a region in a gold specimen bombarded at 17°c to a dose 
of 1-3 x 107 ionscm—. The type of image observed can only be given by a 
dislocation loop, and not by a cluster of impurity atoms or a precipit^ie 
particle (Nicholson and Nutting 1958). Both faulted and unfaulted locos 
appear to be present. A faulted loop will show dark contrast within t. 5 
loop unless it is a unit number of extinction thicknesses below the surtesse 
(Hirsch et al. 1960) and many of the loops in fig. 1 show such contrast. 


Fig. 1 


p me * Wo 
Pa e" ale 


Faulted and unfaulted dislocati i 
$ on loops in a gold foi ; 
argon ions to a dose of 13 x 1017 M vinh IUD oxy 


Dislocation loops can be pr 
n tii ) produced by the agg 
or interstitial point defects. Tf vacancies collect on a {111} plane and the 


on adjoining planes are hecessary (Frank 1949) 
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By estimating the total number of point defects contained in dislocation 
loops and comparing it with the ion dose, it is possible to make an estimate 
of the efficiency with which point defects are retained in the foil, and this 
efficiency, as deduced from fig. 1, is one point defect retained in a dislocation 
loo» per 1000 incident ions. Because the form and density of the damage 
we» critically dependent on the orientation of the specimen, and because in 
11^ y cases (for instance, in fig. 2) it is impossible to make a reliable estimate 
c^ ihe number of defects trapped, the question of efficiency was not 
iv. estigated in any detail. 


Glissile sub-surface dislocations in a gold foil. The direction of the 220 reflec- 
~ tion which is operating to give contrast is indicated, and the defects are 


lying approximately at right angles to it. 


$4. GLISSILE SUB-SURFACE DISLOCATIONS 


The contrast observed in fig. 2 is unusual in that it is highly asymmetrical 
and much wider than the contrast usually given by dislocations. Ashby 
and Brown (to be published) computed from the dynamical theory of 
diffraction the contrast given by a small, spherically symmetrical dilatation 
in a metal foil, and found that for a defect within one extinction distance 
of a free surface an asymmetry develops in the contrast. When image 
forces between the particle and the surface are included the image becomes 
wider still. The anomalous contrast observed in fig. 2 would indicate that 
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the defects are less than 100 å from the surface, and from the sense of the 
asymmetry in light field and dark field pictures it can be proved that the 
defects are on the bombarded side of the foil (Bowden and Brandon 
1963 a). 

There is further evidence that the damage is confined to a thin layer 
near the surface of the specimen. Figure 10 shows a twin boundary in an 
ion-bombarded gold foil where only the region on one side of the bour 
shows damage. It is seen that the damage stops where the bow 
intersects the surface. If the damage existed at a depth in the foil t 
no reason why it should appear to stop at this point. 

Dislocations moving into the foil from the edge appear to be pin... 
one end only (Brandon et al. 1961). Dislocations are often observed t 
pinned by oxide or contamination on the surface of thin foils but s: 
pinning is equally strong at both surfaces, and unequal pinning imp! 
that the damage is concentrated near one surface and is hindering disloca- 


i 


tion movement. 
Defects of the type seen in fig. 2 have been observed to move in the electron 


microscope. Figure 3(a) and (b) shows the same region in a gold foil 


Fig. 3 
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Fig. 3 (continued) 


ib-surface dislocations in a gold foil. In (a) the object 
a dislocation running from top to bottom of the p 

nd being pinned by the sub-surface dislocation at C. The sub- 
muris SEM at A is pinned by the dislocation at G. In (b) the 
dislocation at F has moved, and a dislocation has appeared at H where 
it is pinned by the sub-surface dislocation D. The released dislocations 


all lie approximately parallel. 


Movement of glissile st 
at F appears to be 


before and after such movement has taken place: compare the objects at 
A,B,C, Dand E. The fact that such movement can occur suggests that 
the objects are dislocations, with a (1 10) Burgers vector lying parallel to 
the plane of the foil, which are able to glide in the direction of their Burgers 
vector. Two such possible arrangements are shown in fig. 4. The 
arrangement in fig. 4 (a), which is a true dislocation dipole, or the arrange- 
ment in fig. 4 (b), where only a single length of dislocation lies beneath the 
surface, would both give the behaviour observed. 

These arrangements could be formed by the agglomeration of point 
defects in the same way as are the dislocation loops described in $3. "Phe 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


napa Qu 


u———————À0- — loi STD oc 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
940 P. Bowden and D. G. Brandon on 


dislocation dipole in fig. 4(«) is effectively an elongated dislocation loop, 

and the arrangement in fig. 4 (b) can be considered as an elongated loop 
intersecting the surface. These sub-surface dislocations appear to be 
formed by the joining up of individual dislocation loops; see particularly 
fig. 3 (b) at J. 

The sub-surface dislocations were always aligned approximately along a 

common direction in any particular grain, and the orientation of graine 
containing these dislocations was examined to see whether or not this was: 
prominent crystallographic direction. A major error in determining 1 
surface orientation arises if the foil is not accurately perpendicular to tix 

electron beam. Although a diffraction pattern of a region in a thin fo: 
examined in the electron microscope indicates which lattice plane is pez 

pendicular to the electron beam (i.c. in the plane of the image), there is no 
guarantee that the surface of the foil being examined is accurately paraliei 
tothis plane. Specimens were always mounted between two copper grids 
to keep them level, but even so tilts of the order of +10° are possible, 
particularly near the edge of the foil. 


Fig. 4 


DISLOCATION 
LOOP 


DiSLOCATION 


CYLINDER 


@) (b) 


Two possible arrangements for the sub-surface dislocations, 


c x which the Sub-surface dislocations were Observed their 
ot alignment w "'OXI i 
g was found to be approximately perpendicular to a 


i. d in ae the plane of the image. Examples of this are 
MR Bn for gold, nickel and copper. In the nickel specimen 
ius ARE Cops may be present rather than continuous dislocation 

. dn all cases where alignment was observed, this (110) dir 


: ection was 
e of the image. This alignment directi 
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Fig. 5 


Glissile and sessile sub-surface dislocations in a nickel foil. The [111] and [110] 
directions whose traces are marked (broken lines) are 14° and. 8° respect- 
ively from the plane of the picture. 


Fig. 6 


Dark-field photograph of a copper foil taken on the 220 reflection as indicated 
(100 ev argon ions; 1:5x 1017 cm-? at 27°C) 
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direction close to the plane of the surface. If the Burgers vector of 
such a dislocation does not lie accurately in the plane of the surface, 
there will be a component of the surface image force tending to move the 
dislocation along its glide cylinder until it annihilates at the surface. W hile 
studying vacancy loops in thin foils of quenched and aged aluminium 
Ashby and Brown (private communication) found that none of the loops 
showed the anomalously wide contrast to be expected from defects near à 
free surface, and they attributed this to the elimination of all loops within 
about 3004 of the surface by the above mechanism. 

The attraction between a single edge dislocation and a free surface can be 
equated to the force between the dislocation and its image in the plane of the 
surface, provided that the distance from the surface is large compared to the 
Burgers vector (Koehler 1941). If an edge dislocation is at a distance d 
below the surface with its Burgers vector parallel to the plane of the surface 
(fig. 7(a)), then it is attracted towards the surface by a force F per unit 
length, where F is given by 

Resonate I 
4m (1—v) d 
(see Cottrell 1953). bis the Burgers vector, G is the shear modulus of the 
metal and v is Poisson's ratio. 

If the Burgers vector makes a small angle 0 with the plane of the surface, 
the force tending to move the dislocation along its glide cylinder towards the 
surface is F sinô per unit length. 


Fig. 7 


Dislocation arrangements for whi i 
hich the interaction betwee is i 
the surface has been calculated. red 


The force attracting a dislocati j 
cati a 
e fa nee S dipole to the surface is somewhat 


n 0 opposite sign is introduced equi-di 
between the first dislocation and the Surface, the force acting d oon 
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is one-third the force obtained above for a single dislocation. Ifthe second 
dislocation is moved to the 45? position, as shown in fig. 7 (b), the force 
on the dipole is approximately one-eighth that obtained for a single disloca- 
tion. 

The minimum force necessary to move a dislocation can be deduced from 
the observed critical resolved shear stress for slip in well-annealed single 
crystals, and is of the order of 10-* Gb per unit length (see Cottrell 1953). 
Using this value the minimum distance below the surface at which a dislo- 
cation will be stable is given by 

b 


D 4 gi 
arenas. sin 9. 


If a single dislocation is to be stable 1004 below the surface, as the dislo- 
, cations observed appear to be, then for gold, where b — 2:84, 0 must be 
less than 1-5°. 

This is a very critical condition and if it had to be satisfied, it is unlikely 
that sub-surface dislocations would be found as often as they are. While 
it is true that the (110), (112) and (100) surface orientations observed are 
preferred recrystallization textures, they are unlikely to have been formed 
to this accuracy. From comparisons between neighbouring grains of 
different orientation, it is probable that the critical angle is of the order of 
| 5°. It follows that either there must be a dislocation dipole present, which 
| could increase the critical angle for gliding to about 15°, or that the stress 
| to move a dislocation is greater than 10-4 G, which might be the case either 
if there were point defects or impurity atoms in the lattice to hinder 
movement, or if the dislocations were jogged. 

j The dislocation dipoles appear to be formed by the lining-up of small 
glissile dislocation loops, and this can readily be explained on simple 

| elasticity theory. Sines and Kikuchi (1958) have evaluated for an isotropic 

| matrix the interaction between a string cluster of point defects and a 
single similar point defect at a distance from the cluster, and also between a 

j planar cluster of point defects and a single defect. The single defect is in a 

position of minimum energy when it is in line with the string cluster; for 

a, planar cluster the defect has minimum energy when in the same plane. 

It follows that two similar planar clusters on parallel planes will be in a 

| position of minimum energy if they can adjust their positions so that they 

both lie in the same plane. 

If a series of edge dislocation loops form all with the same (110) Burgers 
vector, they will have minimum energy if they all lie in the same plane, a 
plane perpendicular to the direction of their Burgers vector. They will 
adjust themselves to lie in a common plane as they can glide in the direction 
of their Burgers vectors; such adjustment has indeed been observed for 
dislocation loops in lead iodide although in this case some climb may also be 
involved (Chadderton 1962). In ion-bombarded foils the damage is 
confined to a thin layer near the surface so that an aligned string of loops 


! 
| 
Í 
| 
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| will form. During subsequent growth migrating point defects (in this 
case interstitial atoms) add themselves to the loops, butthey will be attracted 
most strongly to the points where neighbouring loops approach one another, 
so that the loops will tend to grow lengthwise along the string to join up with 
neighbouring loops and so form dislocation dipoles. 


§ 5. SESSILE SUB-SURFACE DISLOCATIONS 

The defects in fig. 8 give a highly asymmetrical and very wide image and 
so must also be close to one surface of the foil, but here the defects appear t^ 
be flat plates perpendicular to the surface and all on the same crystalio- 
graphic plane. 

These defects were observed to interact with dislocations moving throug: 
the foil which suggests that they have some kind of dislocation structure. 
It was not possible to get before-and-after pictures of such an interaction, 
but fig. 8 (a) and 8 (b) shows the same region in a gold foil before and after 
the defect at A in fig. 8(«) had been observed to contract spontaneously. 
This again suggests a dislocation structure as a precipitate could not behave 
in this manner. 

Figure 8 (c) is a diffraction pattern from the same region as fig. S(b). It 
is scen that there is a marked streaking of the 311 spots ina (111 ) direction, 
à direction perpendicular to the apparent plane of the defects. Figure 9 


Fig. 8 
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Fig. 8 (continued) 


(c) 


Sessile sub-surface dislocations in a gold foil. These defects produce (111 
streaking in the diffraction pattern (1-2 x 1017 ions cm~? at 0?c). 


P.M. 3R 
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aphs, this time of a nickel foil. Here the 


shows a similar pair of photogr foil. 
] : ar (111) direction normal 


200 diffraction spots are streaked in the particul 


to the apparent plane of the defects. p. i 
Streaking in the diffraction pattern can indicate planar faults in the 


lattice (Patterson 1952). Whelan and Hirsch (1957) observed similar 
streaking in a (111) direction from stacking faults in stainless steel. 
Streaking has also been observed normal to the plane of small coherent 
precipitate platelets (Nicholson and Nutting 1961). 


Fig. 9 


Sessile sub-surface dislocations in a nickel specimen which give (111) streaking 
in the diffraction pattern, j 


2 is suggested that the defects in figs. 8 and 9 are Frank-sessile dislo- 
cations with a (111) Burgers vector arranged as indicated in fic. 4 endi 
g.4 


enclosing a i 

a ate ae of pete fault. Defects of this type were not observed 
© Copper foils examined, and wer inni 

than ENC ; were much more common in nickel 


Introducing interstitial dislocation loo 
of a metal foil will produce lar, 


surface. A sessile dislocation loo 


: r lies either in the 
ess ornormal to it. Such a shear Stress will help 


slocation which will convert the loop to the 
ers vector. Moreover, the direction of the 
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shear stress favours the nucleation of the particular partial dislocation that 
will give the resulting glissile loop a Burgers vector making the largest 
possible angle with the surface, and consequently it is likely that such 
loops will be eliminated at the surface by the mechanism discussed in $4. 
‘his would explain why the sessile dislocation loops observed near the 
surface in gold and nickel foils appear to lie on a plane perpendicular to the 
surface, with their (111) Burgers vectors in or near the plane of the surface. 
Larger deviations from this critical condition were observed for sessile 


»»ps in nickel than in gold. 


$6. DISLOCATIONS or DISLOCATION DIPOLES 


Tt is of some interest to know whether the sub-surface dislocations in 
fgs. 2, 3 and 10 are single dislocations as in fig. 4 (b) or dislocation dipoles as 
in fig. 4(«), but it is impossible to be certain of distinguishing the two 
orientations from the image contrast. 

The glissile sub-surface dislocations appear to be formed by the joining 
up of individual smaller loops, and as these small loops are unlikely to 
intersect the surface it follows that the defects are probably true dislocation 
dipoles. When analogous sub-surface dislocations in platinum are 
annealed they take up a Y shape, and the stalk of the Y can be clearly seen 
to be a dislocation dipole (Baker 1961). It does not follow that these 
dislocations are always dipoles as one dislocation may climb out at the 
surface leaving a single dislocation behind, but the evidence suggests that 
dipoles are present in some cases. 

The sessile sub-surface dislocations discussed in $5 are unlikely to be 
stable unless they are arranged as in fig. 4 (v) because at the point where the 
Frank-sessile dislocation cuts a free surface shear stresses in the plane of the 
surface must be zero, and there will be no resistance to the nucleation of 
a Shockley partial dislocation which would eliminate the stacking fault. 


$ 7. OBJECTS GIVING STRAIN-FIELD CONTRAST 


The black spots in the background of fig. 2 are too small to be identified 
from their appearance, and they could be due to any small region that 
creates strain in the lattice. There is no evidence that they are any 
different from the dislocation loops discussed above and it is suggested that 
they are either dislocation loops of the same type but too small to be resolved 
as such, or very small clusters of point defects that have not yet collapsed 


to form dislocation loops. 


§ 8. SENSITIVITY OF SURFACES OF DIFFERENT CRYSTALLOGRAPHIC 
ORIENTATION TO DAMAGE 


The amount of damage and its arrangement varied markedly from grain 
to grain, although the ion beam was incident approximately normal to the 
surface in all cases. 


3R2 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
948 P. Bowden and D. G. Brandon on 


Two types of orientation sensitivity must be considered. ! Firstly, there 
may be an inereased efficiency for point defect production by ions bombard- 
ing a surface of a critical orientation, in which case the most E 
factor is the lattice direction parallel to the ion beam. Alternatively, the 
damage produced by ion bombardment may only be stable below surfaces 
having certain critical orientations. This second effect cannot be investi- 
gated accurately as the surfaces of grains in different regions of the foi! 
may make different angles with the plane of the image, as explained in 5 ^ 
However, a comparison can be made between two crystals separated by 
grain or twin boundary since, if the surface of one grain deviates from 1 
plane of the image, the surface of the other must do so by the same amoun: 

Figure 10 shows a twin boundary in gold and fig. 11 shows a gre 
boundary in copper; the apparent orientations of the crystals on eitic: 
side of the boundary are indicated in a standard stereogram. In both 
figures a grain with a (110) direction in the plane of the surface contains 
sub-surface dislocations, while the neighbouring grain does not. In fig. 11 
the grain containing no sub-surface dislocations is only 10? from a (110) 
zone. In fig. 10, which shows a twin boundary, the [110] direction must 
lie accurately parallel in both grains and consequently if sub-surface 
dislocations are stable in grain A, as they appear to be, they are expected 
to be stable also in grain B. The fact that no damage at all is observed in 
B must therefore be attributed to some other effect, either a reduced 
efficiency for point defect production by ions bombarding that surface, 
or a reduced efficiency for nucleation. 

From the suggested conditions for instability of the two types of loop 
observed, it can be predicted that glissile loops should be stable onl y beneath 
surfaces having their normals on a (1 10) zone, while sessile loops should be 
stable beneath surfaces with their normals on a (111) zone, or along a 
ee ee Tee l E 5 and a 11} planes are both conditions 
bone cee RE - is not possible to say whether there 

ount of damage in grains of these 


orientat D h Ou Id indicate ff I (0) 
" 1ons whie wou e a di erence 1r he a H 
e f D 
production of 


§ 9. CONCLUSIONS 

(1) Glissile and sessile dislocation loo 

produced in copper, nickel and gold by | 

(3) The damage is confined to a 100 

(3) In all cases the Burge 
the plane of the surface, 


(4) The orientation dependence of th 
explained by the annihilation of dislocati 
Burgers vector Perpendicular to the su 
under the influence of image forces 

(5) No conclusive evidence has been found for 
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ee € orientation de 
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Fig. 10 


» 
Twin boundary in an irradiated gold foil. The orientations of the two grains 
are indicated in the stereogram. 
Fig. 11 


Grain boundary in a copper specimen (1-5 x 1017 ions em at —12°c). The 
orientations of the two grains are indicated in the stereogram. 
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ABSTRACT 


The change in the internal friction of copper was measured during warm-up 
of specimens after electron irradiation near 10°x. The damping was found 
to decrease between 33°x and 55°K. The decrease is attributed to a defect 
becoming mobile in this temperature range, and tho relation to the annealing 


of the electrical resistivity in electron irradiated copper is discussed. 


$1. INTRODUCTION 


Tue decrease in friction which is observed after irradiation is thought 
primarily to arise from the restriction of the bowing motion of dislocations 
by their interaction with point defects (e.g. Thompson and Holmes 1956). 
This effect may be used to investigate the temperature ranges in which 
defects become sufficiently mobile to reach dislocations. We have 
already described (Lomer and Niblett 1962) such measurements on 
polycrystalline copper irradiated at 80°x. In this note we present the 
results for electron irradiations near 4°K. 


$2. APPARATUS 


The experimental details were described in the earlier paper. The 
internal friction was measured as the logarithmic decrement of the free 
decay of the vibrations of a cantilever, the vibrations being excited and 
detected electrostatically. In the present experiments helium was put 
into the inner can of the cell previously described and the whole eryostat 
was immersed in liquid nitrogen. 

Measurements were made during the natural warm-up of the cell, 
the average rate of which was about 40° per hour. However, the initial 
warm-up rate was much higher, and it was difficult to make measurements 
between about 10°x (the temperature of the specimen with helium in the 
can) and 20?k. After an irradiation, leads had to be re-attached, and the 
temperature sometimes rose to 30°K before any measurements could be 
taken. The temperatures were measured with a copper-constantan 
thermocouple which was calibrated at the normal boiling points of 
helium, hydrogen and nitrogen. The temperature indicated by a 
thermocouple attached directly to a dummy specimen varied by less 
than 1° from that of the thermocouple attached to the clamping block. 
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| $3. RESULTS 

The measurements were made on Johnson Matthey spectrographically 

standardized polycrystalline copper. The specimens were prepared as 

for the low-temperature experiments, previously described (Lomer and 

F Niblett 1962). 

| In order to obtain the maximum sensitivity of the friction to electron 
dose, the strain amplitude chosen for the helium experiment was ineres sed 
by a factor of about two. This was possible since the range over which the 

f damping is linear with strain amplitude increases as the temperatur: 5 

lowered. The absolute value of the strain amplitude was betw::a 

10-4 and 10-5, the exact value being chosen to give a damping of a! 

1:5 x 10-? at nitrogen temperatures. The figure shows a series of cur 
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for a specimen irradiated near 4°x. Curve A represents the damping 
prior to irradiation. The specimen was then irradiated at 1-75 Mev to 
a total dose of 10!5 electron em-?. Curve B shows the damping measured 
immediately after irradiation, and Curve C that after a short anneal 
at nitrogen temperature. 
F(T) = 2A 
A, — Ac 
vas calculated at 5? intervals from smooth curves through A, B and C. 
is also plotted as a function of temperature and is seen to decrease 
i tween 30°K and 55?k. 

All the specimens measured showed a decrease in F(T) in the same 
temperature range. Although no points were taken on curve B below 
27°K, owing to the experimental difficulty described above, the fact that 
curves A and B are coincident between 27?x and 30°K does mean that no 
defects can have reached the dislocations below 30?x. It was also 
observed in another specimen that no change in F(T) occurred at 10°K 
after irradiation, all measurements being made in this case with helium 


in the cell. 
§ 4. Discussion 


Similar experiments, in which measurements were made of Young’s 
modulus of copper, have been carried out by Thompson ef al. (1957) after 
neutron irradiation, and by Sosin (1962) after electron irradiation. Both 
the experiments on the modulus and ours on the friction indicate that 
defects move to dislocations in the temperature range 30°K-55°K following 
electron irradiation. It is of interest to relate this to the annealing of 
electrical resistivity after helium temperature irradiation. Corbett et al. 
(1959) have resolved five sub-stages in the previously named Stage I 
annealing. ‘The interpretation proposed by them, based on their discus- 
sion of the kinetics is as follows : 

I, 14x-24'k | 

Ip 24?x-28:5"k Close pair recombination. 

Ig 28-:5°K-33°K 

Ip 33°K-48°K Correlated motion of interstitials. 
Ij 48°K-65°K Free motion of interstitials. 

Below 33?x the interstitials can only move in the field of their own 
vacancies, and are unable to migrate to the dislocation lines. One would 
not expect, therefore, to see any change of F(T) in this temperature region. 
As may be seen in the figure, no change in observed below 30?x so that 
the friction results are consistent with the model proposed by Corbett 
et al. (1959). 

According to the resistivity work the same activation energy is found 
for the annealing stages I, and Ip. It was suggested that this was the 
energy of migration of the interstitial unperturbed by a vacancy. From 
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their examination of the kinetics Corbett et al. (1959) conclude that in 
stage Ip of the resistivity anneal the interstitial neime uO its original 
position, while in I, it is annihilated at some other sink. Stage Ij occurs 
at the lower temperature because a lower number of jumps is involved. 

At first sight, therefore, one might expect that the major friction change 
should correspond to stage Ip. But experiments show that disloc 
pinning occurs during both Ip and Ij. Since, however, the dampi^ T 
very sensitive to radiation damage, it is possible that sufficient interstitials 
are formed near the dislocations to be able to reach them in a numb«.: of 
jumps characteristic of the Ip annealing stage. 

The number of jumps occurring in time / at temperature T is : 


n=(Av).t. exp (— E[ET), 


where v is the interstitial vibrational frequency, 4 an entropy factor aud 
# the activation energy for motion. Corbett et al. (1959) found for stage 
Tp that Æ = 0-12 ev and that their rates of anneal gave (Av) 25 x 101? sec-!, 
To calculate the corresponding quantity from the friction work we have 
to know the number of extra pinning points formed during the anneal. 
The results of Thompson and Holmes (1956) show that for a specimen 
having an estimated dislocation density of 108 em-?, about 10! extra 
pinning points cm~? were needed to produce an observable change in the 
modulus defect by neutron irradiation. We consider this as 10? extra 
pinning points per centimetre of dislocation line. The value is not 
very sensitive to dislocation density, but in any case it is reasonable to 
assume a density of 108 cm-? for our specimens which had been lightly 
deformed (see Lomer and Niblett 1962). We shall therefore assume thata 
similar number of extra pinning points was needed to give the observed 
change in friction, during our anneal between 30?k and 40?k. This 
estimate may be high, since the sensitivity to radiation damage is higher 
in the strain amplitude region used in our experiments, x z 
ne uaine a dicen qe Saring the radiation can be ele. 
displaced is found to be 3-6 X 10-8 fon a doses mc nnr ems 
at 1-75 mev. If all the interstitials withi à ipaum on? 


find the value of R required to give the 
estimated above. We find Ræ 12. 
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two stable configurations in copper, the crowdion and the (100) dumb- 

bell, and that the former is mobile in Stage I while the latter is not mobile 

until near room temperature. The alternative view is that only the 

ci:mb-bell is stable and that it is mobile in Stage I, with some other defect, 

possibly a vacancy pair, being responsible for the Stage III annealing 

XX). The theoretical calculations of migration energies are conflict- 

e.g Seeger e! al. (1962) and Johnson and Brown (1962). Seeger 

ther suggests that the displacement energy for crowdion formation is 

l sher than that for dumb-bell formation and in particular that no crow- 

Cons are formed during a 0:55 mev electron irradiation. Thus according 

io Seeger no free diffusion would occur following a 0:55 mev irradiation 

until 270?x. Internal friction measurements are well suited to investigate 

this point since the close pair processes do not contribute to the friction. 

| We hope to carry out such measurements and determine whether or not 
1 any defect mobility occurs below room temperature. 

Finally we should like to comment on the significance of the number of 
extra pinning points deduced from the neutron irradiation experiments of 
Thompson ef al. (1957)—see also Holmes (1962 a). Because of the speci- 
men form, it was possible in these experiments to work in the strain ampli- 
tude independent region and therefore to make a reasonable estimate 
of the number of extra pinning points. From the measured change in the 
modulus during irradiation at helium temperatures they concluded that 
a pinning point must have resulted from every neutron hit within 150 
atoms of the dislocation lines. It has been suggested that this is evidence 
for the occurrence of focusing collisions in copper. 

A range of the order of 150 atoms has been calculated recently by 
Holmes (1962 b) for 10*ev copper primaries in using a non-crystallo- 
graphic model. Therefore, while focusing undoubtedly occurs in copper, 
it docs not seem that there is any evidence for focusing based solely on the 


| internal friction measurements. 


ACKNOWLEDGMENTS 
The author wishes to thank Professor E. W. J. Mitchell for stimulating 
discussions and A.E.R.E., Harwell, for a research grant. 


i REFERENCES 

ConaETT, J. W., Surrg, R. B., and WALKER, R. M., 1959, Phys. Rev., 114, 1452. 

Homes, D., 1962a, Enrico Fermi Summer School on Radiation Damage 
(Academic Press); 1962b, Radiation Damage in Solids, I, Venice 
Symposium, p. 3. 

Jounson, R. A., and Brown, E., 1962, Phys. Rev., 127, 446. 

Lommr, J. N., and NrBLgTT, D. H., 1962, Phil. Mag., 7, 1211. 

SEEGER, A., 1962, Radiation Damage in Solids, I, Venice Symposium, p. 101. 

SEEGER, A., Mann, E., and v. Jan, R., 1962, J. Phys. Chem. Solids, 23, 639. 

Sosmy, A., 1962, J. appl. Phys., 33, 3373. oe 

Txomrson, D. O., and Horuzs, D. K., 1956, J. appl. Phys., 27, 713. 


Txomeson, D. O., B E I & 
D xu LEWITT, T. H., and Horwzs, D. K., 1957, J. appl. Phys., 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
[95729] 


Dislocation Interactions and Dipole Formation 


By R. J. Sroxzs and K. H. OLSEN 


Honeywell Research Center, 
Hopkins, Minnesota 


[Received 19 February 1963] 


ABSTRACT 


This paper discusses the formation of dislocation dipoles by the interaction 
of two dislocations. In partieular a mechanism is described whereby two 
screw dislocations of the same sign ean become cross linked to form an edge 
dislocation dipole at the cross-over point. Subsequently, the trailing seg- 
ments of the cross-linked pair are held back by the dipole while the leading 
segments move on ahead stretching the dipole behind them. Evidence is 
presented for this mechanism based on electron transmission studies on thin 
films of magnesium oxide and its role in the early stages of work hardening is 
discussed. Tn a second mechanism edge dislocations of opposite sign approach 
and form a dipole along their line of contact. 


'Turs note was prompted by the observations reproduced in fig. 1. This 
shows an electron transmission micrograph taken on a thin foil of magne- 
sium oxide prepared in the manner described by Washburn ef al. (1960). 
The plane of the foil was (100) so the (110) slip planes cut across it at 45° to 
leave traces in the surface parallel to [001] as shown in fig. 1. Since the 
slip direction in magnesium oxide is (110), pure edge dislocations in these 
slip planes project as long straight lines parallel to [001] while pure screw 
dislocations project as short straight lines perpendicular to it, i.e. along 
[010]. 

Our present interest concerned the lower slip band in fig. 1. Most of 
the dislocations in this band were pure serew in character. The relative 
simplicity of the dislocation configuration indicated that the slip was 
introduced accidentally after the foil was thinned rather than being present 
in the bulk material beforehand. The particular features of interest were 
the dislocation interactions at A, B, C, D, E and F especially those at C and 
D-E where fine traces appeared between the interacting dislocations. 

Tt could be deduced from the following arguments that these interactions 
must have taken place between slip dislocations lying on the same slip plane 
possessing the same Burgers vector and therefore moving in the same direc- 
tion under stress. If, by chance, the interacting dislocations were formed 
on the two orthogonal intersecting planes ((110) and (110)) with the same 
projected lines of intersection on the top and bottom surfaces of the foil, 
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then they would have intersected each other approximately at their mid- 
points, which was clearly not the case. Another possibility, that the 
interacting dislocations were of opposite sign moving in opposite directions 
on adjacent planes, will be shown later to be extremely unlikely for the case 
of dislocations introduced into a thin foil. 


Fig. 1 


Screw dislocation configur ations in two simple slip bands obtained by deformin 
a thin foil of magnesium oxide. se 
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BURGERS 
VECTOR 


mu 


Mechanism for cross linking two screw dislocations of the same Burgers vector 
Note: Dashed dislocation line segments lie below the slip plane, solid 
lines above. 
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screw dislocation approaches, it reacts to the stress field of the orthogonal 
edge dislocation J. The reaction is such that there is no net repulsive 
force between them, but there is a torque acting on the two dislocations 
tending to rotate them into antiparallel orientation (Read 1953). The 
magnitude of the torque (T) on the edge dislocation due to the approa ching 
screw dislocation may be estimated and is given by : 


"JI? 2 2 
T= WE pb? ydy - (1) 
P= oa ae? EPIS « 
J -gi 2m. (P y?) 
where d is the separation of the two dislocations and J is the length cf 
jog. As usual u is the shear modulus and b the Burgers vector. ©» 
integration eqn. (1) becomes: 


T= [J/2—d tan (JJ20)]. E (2) 


The torque on the screw dislocation is also equal to 7’ but acts in the opposite 
direction. The bracketed function in eqn. (2) drops off very quickly as d 
increases, in fact when d= J the torque has dropped to one-hundredth of its 
maximum value (at d=0). 

For the moment it is assumed that the edge dislocation is rigid and that 
only the screw dislocation SS,’ reacts to the torque. It does so by cross 
slipping, as shown in fig. 2 (b), to form an edge dislocation jog J' which is 
assumed to be exactly equal to magnitude and opposite in sign to J. The 
point at which it cross slips is approximately a distance d~ J from the first 
jog J. When the second screw dislocation S,S,’ becomes jogged it too 


leaves an edge dislocation dipole E,E,’ in its wake as it moves as shown in 
fig. 2(c). When this dislocation 


and its dipole envelop the first dipole 
(,E,’) the edge dislocations of the two dipoles annihilate each other 
leaving a pinched-off prismatic loop JJ’ E,E,’ in the slip plane. Pinched- 
off prismatic loops are believed to be the source of ‘debris’ observed in 
etch-pit studies on lithium fluoride (Johnston and Gilman 1960) and 
magnesium oxide. In the process of annihilation different segments of the 
up m B ations join on the same slip plane and 8,’ becomes linked to 
2 and 5, to S,' asin e 2 s du this way the two screw dislocations form 
is eliev ed that the dislocation Interactions at A 
cross-linked screw dislocations. 


S process can be used to explain 


magnesium oxide; rvatons on typical thin films or 
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| bet Me r mn Screw segments. The screw dislocations can move 
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Stress (c) is large enough. Tt can be shown (Cottrell 1953) that 
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If J is taken to be 100 b (Groves and Kelly 1962) and p= 17-7 x 105 p.s.i. 
(Durand 1936) then c — 28000 p.s.i. More important, while they remain 
cross linked the two edge dislocation components at the cross-over point 
are attempting to move in opposite directions under stress (as indicated in 
(d) and (e)) but are held up by their elastic interaction. Again the 
isd, stress to drive them past each other is given by (Cottrell 1949) : 


ub 

———— FEES 

ewe (9 

wise y is Poisson’s ratio (~0:3). Taking the same values for u and J, 


then o= 10000 p.s.i. 


(b) 


Iechanism for dislocation dipole formation. (a) By the interaction of two 
E of the AE sign. (b) By the interaction of two dislocations 


of opposite sign. 


Below this stress level the forward progress of the cross-linked pair is 
very restricted and occurs only by movement of the leading segments Sı 
and §,’ stretching the dipole XY behind them as shown in fig. 3 (a). The 
trailing segments S, and S, are held up at Y, but can bow around this 
dragging point and eventually move forward by peeling the dipole apart at 
Y. The direction of the dipole XY in fig. 3 (a) depends on the relative 
advance of the segments S; and S, and is not necessarily pure edge in 
character. Itis believed that the dislocation configuration at C in fig. 1 is 
an example of the interaction shown in fig. 3 (a). The dipole XY appears as 
a faint trace joining kinks in the two dislocations. 


P.M. 38 
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Above 10 000 p.s.i. the two edge dislocations are able to pass each other 
but the screw dislocations remain cross linked and must move together until 
the stress reaches 28 000 p.s.i. (eqn. (3)). However, the linkage between 
them is now quite mobile and can translate up or down the screw dislocation 
| lines quite easily. 
| (ii) A given screw dislocation may become cross linked a number of times. 
For example, one of the screw dislocations in the group at D in fig. L has 
cross linked with the others and appears to cut across them diagonally. 
By the process illustrated in fig. 3 (a) it is possible for the linkage to bo 
translated up or down the screw dislocation line and eventually all the 
linkages on a screw dislocation which has crossed a number of others can bə 
run together. This results in a dislocation tangle similar to that beginning 
to develop at F and G in fig. 1. 

(ii) The prismatic loop JJ’ E E,’ left behind in the slip plane is not 
necessarily a pure edge dislocation dipole. The orientation of this loop is 
determined by the plane connecting JJ' and therefore by the location of the 
line J’ at which the second screw dislocation cross slips. While the point 
(O in fig. 2 (a)) in line with the first dipole experiences the greatest torque, 
this is not necessarily the point at which the jog J’ forms. Thus, while the 
chances are greatest that the pinched-off loop will be pure edge in character 
it is quite possible for any other orientation to be produced. ‘This is in 
agreement with observations (see for example fig.4in the paper by Washburn 
et al. (1960) and fig. 1 in the paper by Groves and Kelly (1962)) on thin 
films prepared from crystals deformed in the bulk. 

Uv) notes point to be considered is that the magnitude of the j og J’ 
d fig. 2 (b) may not be eadily equalto J. In this case the edge dislocations 
o not annihilate, instead a ‘quadrupole’ forms in the region where B, E,’ 
envelops EE; (fig. 2(c)). Thiscan be pinched off later by further CEGSS alin 
of the second screw dislocation S,S,', resulting in a cross-linked pair as M 
fig. 2(d) and leaving debris in the form of a combined dipole-quadrupole 
prismatic loop in the slip plane. Such combinations could account for the 
sudden changes in thickness observed along di bri ; : 
(see again the papers by Washburn et al (to un ris left in slip planes 
(1962)). s ) and Groves and Kelly 

(v) When a third serew dislocatior r e 
pinehed-off prismatie loop (or * debris nu ud e ne pr 
dislocation pair an interaction similar to that sh cross-linked screw 

The screw dislocation §,S,’ experiences a tor own in fig. 2(b) occurs. 
by S,S,' since the si locatie ys a posite to that experienced 
Y Pee esign of the edge dislocation J' is o i , ; 
e pposite to J’. A 

that S5; responds to the torque to form a jog J” and ee 
sequence of events illustrated in fig. 2 (a)-(d) RO See follows the 
ends up as shown in fig. 2(e). The Eon. 5 US configuration finally 

prismatic loop is changed ; 
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| that is to say, whereas JJ’ EE,’ is formed by the 
3 of atoms (interstitial) it is replaced by J’J” ; 
ofa plane of atoms (vacancy). In B t aF formed by the removal i 
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that passes the prismatic loops change sign, and for each pair of screw 
dislocations that passes, they increase in number. Thus the density of 
debris left in the slip plane increases. The screw dislocation S355. finally 
becomes held up on the jog J and trails a dipole behind it as shown in 
íz. 2(e). When a number of screw dislocations go through the sequence the 
end result is the formation of a number of cross-linked screw dislocation 
pairs with a trail of debris in their wake, and a few dislocations held up 
‘cag the line of the debris. 
*t can be imagined that if the debris left in the wake of the first screw 
slocation pair was more complex than the simple dipole shown in 
z. 2 (d) and consisted of, for example, a combined dipole-quadrupole, 
interaction with the third dislocation S48," would lead to an even more 
complex tangle. 

Dislocations in the configuration D-E in fig. 1 represent an example where 
a third dislocation isinvolvedintheinteraction. Analysis of this configura- 
tion in detail is made difficult because the direction of motion is not known 
for certain. However, it is believed that the dislocations have moved from 
the bottom right edge of the foil, where it is thinnest, towards the top left, 
because of the increasing complexity of the interactions going in this direc- 
tion. Ifthisis the case then the leading dislocation E is apparently dragging 
a dipole behind it which appears as a fine trace between the cusp in E and 
the point where the two dislocations are cross linked at D. There are a 
number of ways of producing the configuration at D-E using the mechanism 
of the present paper. One way is to assume that the dislocation at E in 
fig. 1 corresponds to 5,5,' in fig. 2 (c). One of the two dislocations at D 
then corresponds to 8,8,’ which has just cross slipped and started to form a 
dipole when a third dislocation S,S,’ comes up to it and cross links with it 
before it has had a chance to cross link with $,S,’. In this way the cross- 
linked pair at D are held up by the dipole trailing behind E. Another way is 
to assume that the dislocation E corresponds to §,S,’ in fig. 3(@). If 
one of the trailing segments S, or Sọ then cross links with another screw 
dislocation and the linkage is translated up or down the segment to the 
point Y the configuration at D-E can be produced. 

Tt is interesting to note that the dislocation configuration in fig. 3 (a) 
is essentially the same as that analysed in detail by Tetelman (1962 a, b) 
in recent papers. Yet we have arrived at this configuration using two 
dislocations of the same sign moving in the same direction, whereas in the 
model used by Tetelman the two dislocations are assumed to be of opposite 
sign moving in opposite directions. The reason for this discrepancy is that 
the configuration used by Tetelman does not yield a dipole along XY but a 
doublet consisting of two edge dislocations of the same sign one above the 
other. It is geometrically impossible to produce a dipole by cross linking 
two dislocations initially of opposite sign. 

The two ways by which dipoles-may be formed by the interaction of two 
dislocations are illustrated in fig. 3. Because the interaction in fig. 3 (b) 
requires two independent dislocation sources, one located at the top and the 
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other at the bottom surface of the foil, sending edge dislocations of opposite 
sign towards each other to meet along the line XY", we consider it extremely 
unlikely that the configuration at C (or A or B) in fig. 1 developed in this way. 
It is possible that many of the long dipoles to be seen in magnesium oxide 
crystals deformed in the bulk before thinning could form according to either 
mechanism of fig. 3, but for dislocations injected into foils after thinning 
dipoles due to dislocation interaction can form only by the mechanism. of 
fig. 3 (a). : 5 
This process for the generation of ‘debris’ and dislocation tangles 88.9 
consequence of slip on a single system by dislocations of the same Burg:z-: 
vector is a process which occurs while the dislocations move over compac- 
tively short distances. It may therefore be responsible for the extreme: 
high rate of work hardening in the microstrain region before the onset o* 
macroscopic yielding. It is known that dislocations in magnesium oxic. 
begin to move at a stress of about 5000 p.s.i.,or approximately one-third cf 
the stress to promote macroscopic yielding (Stokes et al. 1959). The resist- 
ance to dislocation motion which prevents macroscopic yielding until the 
stress attains such a high level is considered to arise from the cross linking 
of screw dislocations emanating from a common source. Each time a screw 
dislocation becomes cross linked its free length is effectively halved because 
of the dragging effect illustrated in fig. 3 (a). In addition the work expended 
in forming pinched-off prismatic loops (‘debris’) and in trailing dipoles 
constitutes a drag on the dislocation motion. Only when the stress level 
reaches approximately 10000 p.s.i. (eqn. (4)), which compares well with the 
macroscopic yield stress, are the cross-linked dislocations free to move and 
multiply. Tt is significant that cross-linked screw dislocations are rarely 
seen in magnesium oxide thin films prepared from specimens deformed in 
the bulk. In order to bend a specimen macroscopically the applied stress 
Mure a vel (s 15000 psi, Stokes et al. 1959) almost sufficient to 
or ge the cross-linked screw dislocations past each other. 
B SCs ston oaa dice eke ed that 
factor contributing to tl I jp £ 1po es or ‘debris’ is a major 
yielding. arec E Gee Ge maEroncopio 
mechanism for work hardening in the lide 2 escribed in more detail a 
interaction of moving ser id d SEQ CIEN of copper due to the 
Thi E o ag screw dis ocations with elongated dislocation dipoles. 
nv s 5 in pe respects similar to the one used here except they 
interact with the m M Sign moving in opposite directions to 
(S.S, in fig. 2 (b)) is MAN à m poe that the second screw dislocation 
mechanism leads to the forma, B E jog rather than twisted by it. Their 
primary loop. While these vee o additional loops above and below the 
work hardening once ee P aps certainly may play a role in 
point we wish to make here is eu: A E established, the important 
occur in thomgeee ES : in eractions shown in figs. 2 and 3 (a) 
beginning ioo E a aa o deformation when dislocations are just 
; elore macroscopic yielding is observed. As 
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'Kuhlmann-Wilsdorf (1962) has pointed out recently, the sources of true 
work hardening in the early stages of deformation must be basically simple 
anë must involve the jogging of individual dislocations or interactions 
cen dislocations of the same Burgers vector to form tangles and thereby 
‘st their movement. 
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ABSTRACT 


Hirsch's theory of extended jogs in face-centred cubic lattices has been 
developed further. The role played by partial dislocations attached to double 
stacking faults (extrinsic faults) has been included in the analysis. The pre- 
vious conclusion that jogs in face-centred cubic crystals can produce only 
vacancies and not interstitials has been modified. Both types of point 
defects are produced in approximately equal abundance. However, complete 
symmetry between vacancy and interstitial creation can occur only if the 
energy of a double stacking fault (extrinsic fault) is identical to that of a single 
stacking fault (intrinsic fault). 


§ 1. INTRODUCTION 
RzczwrLY Hirsch (1962) has discovered an amazing property of jogs on 
split dislocations in face-centred cubic crystals. He has shown that when 
a split dislocation line moves, a jog sitting on it either will move conserva- 
tively and not produce any point defects or the jog will move non-conserva- 
tively and produce only vacancies. The jog never produces interstitial 
point defects. This is true regardless of the sign of either the dislocation or 
the jog, or the direction of motion of the dislocation. This asymmetry in 
point defect production is entirely unexpected. 

Tf we search Hirsch’s paper for the basic cause of this surprising asym- 
metry we are led to notice the importance of the role played by the Frank 
sessile dislocation in an extended jog on split dislocations. The Frank 
dislocation, like the Shockley partial dislocation, must be connected to a 
stacking fault. There are two types of Frank dislocations. One can arise 
from vacancy collapse. That is, if part of a single close-packed plane is 
eliminated by vacancies which precipitate on the plane, a Frank dislocation 
is produced at the edge of the precipitated region. ‘This removal of a single 
close-packed plane produced a single layer stacking fault. A single layer 
is called an intrinsic fault by Frank (1951). Since the usual split dislocation 
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contains only a single layer stacking fault Hirsch assumed that it is this 
Frank dislocation which appears in split jogs. When the jog moves in a 
non-conservative fashion a string of point defects is produced. | This 
string is equivalent to a dislocation dipole. The dipole always consists of 
! two Frank dislocations of opposite sign which are connected by a single 
layer stacking fault. In other words, the line of point defects can be 
considered to be an elongated vacancy collapse loop which is bordered by 2 
Frank dislocation. ‘Thus regardless of the sign of the dislocation or of tho 
jog, or of the direction of motion, a line of vacancies, not interstitials, is 
produced through non-conservative jog motion. 

If symmetry of point defect production is to be restored to f.c.c. crystals 
clearly it is necessary to introduce a sessile dislocation which is associated 
with interstitial precipitation rather than vacancy precipitation. Now a 
Frank sessile dislocation can be produced just as easily from interstitia! 
precipitation on a close-packed plane as by vacancy precipitation. A 
Frank dislocation created in this way exists at the edge of the extra close- 
packed plane. There is an important difference between this Frank 
sessile dislocation and a dislocation produced by removing a close-packed 
plane (Read 1953, p. 100). The sessile dislocation is associated with a 
double stacking fault rather than a single fault layer. (A double layer fault 
is called an extrinsic fault by Frank (1951).) In this paper we wish to 
extend Hirsch’s analysis to include split dislocations containing double 
stacking faults. We wish to show that interstitial producing jogs arise 
which have energies comparable to the vacancy producing jogs analysed 
by Hirsch. 


$2. Spurr DISLOCATIONS WITH DOUBLE FAULTED LAYERS 


Following Hirsch, we shall use the notation introduced by Thompson | 
(1953) to describe various dislocations in f.c.c. crystals. The lettering of | 
the dislocations follows that of the tetrahedron shown in fig. 1. The ont | 
Dies below the plane of the paper. (The lettering in fig. 1is that m 
followed by Thompson (1953). Hirsch used a tetrahedron in which ud 
letters B and C are interchanged. This reversal, of course, make 5 
difference to the analysis. It should be borne in mind korere e id 
figures are compared to Hirsch's.) The greek letters serve to indicate b th 
the mid-points of the faces and the planes opposite the corners labelled val 


latin letters. The various t i i 
l ypes of dislocat; i ith si 
stacking faults are given in table 1. e E E 


We have already mentioned the Frank 
It is not always realized that the Sh 
with a double stacking fault, 
and Nicholas (1953). Tosee th 
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slip planes. It should be noted that the double and the single stacking 

faults axe on opposite sides of the Shockley partial. 

undissociated dislocation can split into a Frank and a Shockley 
Figure 3 shows how the same dislocation can split with either a 

stacking fault or a single stacking fault. In both figs. 2 and 3 we 

: placed a bar over the letters when they represent a dislocation con- 

n62:5d with a double stacking fault. The direction of the Burgers vector is 


Fig. 1 
A 


C B 
Thompson reference tetrahedron. The point D is below the plane ABC. 


Table 1. ‘Types of dislocations in f.c.c. lattice for single stacking faults 
(after Hirsch) 


Burgers vector b b? Type of dislocation 
CD 1 1 Undissociated dislocation 
Có 1/4/3 1/3 Shockley parual 
$D A/2[3 2/3 Frank sessile partial 
d 1/3 1/9 Stair-rod dislocation at 
eg OCC / i acute  stacking-fault 
bend 
| B . . 
= 2/3 4/9 Stair-rod dislocation at 
SDE Seni DIU i acute  stacking-fault 
bend 
nan | rT ELTE i) 2 TIE 
=§C+aB (1/3)4/2 2/9 Stair-rod dislocation at 
SacBee obtuse  stacking-fault 
' bend 
| Ó— 
$a/CD=6C+aD (1/3)4/5 5/9 Stair-rod dislocation at 
5 obtuse stacking-fault 
bend 
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not altered. All the dislocations of table 1 can exist with double stacking 
faults. ‘The only difference between the double stacking -fault dislocations 
(called D-dislocations hereafter) and the single stacking-fault dislocations 
(called S-dislocations hereafter) is that the side of the dislocation on which 
the stacking fault lies is reversed. (The appropriate change in position of 
the stacking faults on a stair-rod dislocation can be found by considering 
it to be made up of two partial dislocations.) 


Fig. 2 

CA BC BA 

— A EN 

8A CB 8C BS A Bò 

T gel LL 
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BA 
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8C B8 8C BS BS 8A 
GR (GO. JUL ULT ETE 


Combination of two dislocations split into Shockley partial dislocations which 
produce a third dislocation made up of two Shockley partial dislocations. 
In the upper figure a single stacking fault separates the partials. In the 
lower figure a double stacking fault separates the same partial dislo- 
cations. One should note from fig. 1 that B$8--C8—8A and 


6C+5A=B5. 
Fig. 3 
BD 

MM 
8D BS 
= Jt (a) 
Eua. (5) 
BS 8D 


The dislocation BD split into a Frank and a S 
d I t k hockl i i ion : 
(a) with a single stacking fault, (D) with a double stacking ee 


The energy of a double stacking 


as the energy of a single stacking fault (Read 1953 p. 94) 


in the number of next since the change 


the faulted zone 


single faults. (This conclusi 
Hirsch’s entire analysis could 
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the symmetry of point defect production in the f.c.c. lattice would be 
restored. 

In the higher approximation the energy of a single stacking fault is 
probably somewhat lower than that of a double stacking fault. ‘Therefore 
the formation of S-dislocations is favoured over that of D-dislocations and 
Hirsch’s asymmetry in defect production is restored. In this situation the 
consideration of D-dislocations would be of only minor academic interest. 
Zn fact, this difference in energy was the reason Hirsch excluded at the very 
beginning of his theory any consideration of D-dislocations. 

However, there is another way D-dislocations may bring about the 
creation of interstitial producing jogs. We shall consider this possibility 
in the following sections of this paper. 


$3. EXTENDED JOGS MADE UP OF S-DISLOCATIONS AND D-DISLOCATIONS 
In Hirsch’s analysis of extended jogs it was found that if the close-packed 
plane (or planes) on which the jog is extended makes acute angles with the 
slip plane of the dislocation, the jog energy is lower than in the situation in 


Table 2. Stair-rod dislocations produced at the intersection of the (a) 
and (8) planes by an S-partial on the (5) plane and a D-partial on the 


(a) plane 
Burgers vector b b? Type of dislocation 
$a=8C+Ca 1/3 1/9 | At obtuse bend 
$D/Aa—8A- Da 2/3 4/9 | At obtuse bend 
§a/CB=5C+aB (1/3)/2 2/9 | At acute bend 


§a/CD=5C+aD (1/3)/5 5/9 | At acute bend 


which the close-packed plane makes obtuse angles with the slip plane. 
r this energy difference is explained in table 1. One notes that 
the Burgers vector of a stair-rod dislocation is larger (and hence its 
energy also is larger) if the stair-rod dislocations sits on an obtuse rather 
than on an acute bend. ; 

Suppose a stair-rod dislocation is created not by combining two S-partial 
dislocations or two D-partial dislocations but rather by combining an 
S-partial dislocation with a D-partial dislocation. Such combinations 
have been considered by Frank and Nicholas (1953). One finds in this case 
thatthe stair-rod dislocations sitting on obtuse bends have lower energy than 
those sitting on acute bends. The various combinations are listed in table 
2. The possibility arises therefore that with the introduction of suitable 


The cause fo 
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D-dislocations a high energy jog can be turned into a low energy jog. 


This possibility now will be examined for several simple jog 


Fig. 4 


S- Shockley 


8C aC a8 (b'=1/9) 


positive 
— 


sense of dislocation 


oe 
B8 
a8/BC Ba ; 
£c V positive direction 
B Cee) of motion 


S-Shockley 


Jogs on a split edge dislocation BC. The dislocation line lies on the (8) plane. 
The jogs are extended on the («) plane. The stacking faults are single 
everywhere. 


Fig. 5 
S- Shockley Ba = 
— eem No V : a 
8C EM aC 
B8 
a8 (b*- 1/9) aC 5 


S- Shockley 


The same dislocation and jogs as in fig. 4. The extended jogs now contain 


double stacking faults. The "tial dislocati " 
Elba single "E Au partial dislocations Bd and 8C are connected 


$4. Jocs GLISSILE IN BOTH DIRECTIONS or Motron 


: extended jogs, tha i 
this figure a dislocation with Burgers vector BC lies BR IST T 

entation (it runs parallel to the direction 
als on the ô plane. Two jogs are 
T 2: up and another which moves 
dislocations on the a o ed wd eee 
are S-Shockley dislocations and are mobile. Therefore the jog can move 
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conservatively in either direction should the dislocation line be moved. 
The obtuse angle jog has stair-rod dislocations with larger Burgers vector 
than those of the acute angle jog. 

Tn fig. 5 is shown the same dislocation and jogs. However, the extended 
jogs contain a double rather than a single stacking fault. (It should be 
voted that only single stacking faults occur away from the jogs.) In this 
situation the obtuse angle jog has the stair-rod dislocations with the smaller 
“hirgers vector. 

If the stacking-fault energy of a double fault does not differ greatly 
from that of a single fault and if the jog length is not unduly long, it seems 
iikely that the obtuse jog of fig. 5 has a lower energy than the obtuse jog 
of fig. 4 and thus would be the jog which moves the dislocation up. Simi- 
larly, of the acute angle jogs, that of fig. 4 will have the smaller energy. 


$5. Jocs GLiIssILE IN ONLY ONE DIRECTION or Motion 
We consider now jogs which can produce point defects. Hirsch has 


shown that such jogs assume rather complicated extended forms on two 
close-packed planes. These jogs usually extend predominantly on one 
Fig. 6 

S-Frank 


ARN B8/CB 
8C (b^ -5/9) 


positive sense 


II MS 
of dislocation 


BB 
S-Frank 


(b* 21/9) positive 
S- Shockley direction 


of motion 


n a mixed dislocation BC. The dislocation lies on the (ò) plane. The 
jogs are extended on the (B) plane. The stacking faults are single 


everywhere. 


Jogs 0. 


close-packed plane with a minor extension onto another. For simplicity 
in the present discussion we shall consider the jog as split on only one 
close-packed plane. Figures 6 and 7 show a dislocation BC on the ô plane 
which is of mixed character. It runs parallel to the B6 direction. In 
fig. 6 only single stacking faults occur, whereas in fig. 7 double stacking 
faults occur within the extended jog. The jog is extended on the B close- 
packed plane. The partial dislocations into which the jog splits are a 
Frank dislocation and a Shockley dislocation. From table 1 it can be 
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seen that such a split-up does not lower the energy. However, the Frank 
sessile dislocation can split into a Shockley partial dislocation and a stair- 
rod dislocation and thus reduce its energy. This further split-up takes 
place on a plane other than the B plane and leads to the more complicated 
shaped jogs that Hirsch considered. 

Tn figs. 6 and 7 it can be seen that, as in the case of figs. 4 and 5, the acute 
angle jog has a lower energy if the stacking fault on the B plane is a singe 
stacking fault. In the case of the obtuse angle jog the double stackinz- 
fault case will be favoured provided the energy of the double stacking favis 
does not differ markedly from that of the single fault. A further splitting 
of these jogs into the type of forms considered by Hirsch will not alter tis 
conclusion. 


Fig. 7 


D-Frank S- Shockley 
D-Shockley 


(bbj/9) X D-Frank 
D-Shockley 


S-Shockley 


The same dislocation and jogs as in fi 
double stacking faults. The part 
with a single stacking fault. 


ig. 6. The extended jogs now contain 
ial dislocations B8 and 8C are connected 


The jogs of figs. 6 and 7 are point-defect pr ing j 
c of 6 and 7 are producing jogs. i 

5 = i eas line is imagined to move in ms ae = 
nee 2 3 M For a particular jog, in one direction of motion a 
RE E He lon in the jog will be moved towards the sessile Fr 

: hen the two meet a perfe eee 
then can move conservativel 
mobile Shockl 
cation. In this situation a Frank sessi 
line of point defects will be p 
Frank dislocation is an S-Frank 


is a D-Frank dislocation. Weh 
A : oe ave seen from figs. 6 and 7 that it i 
as likely that a jog has D-dislocations as S-dislocations dco 
. ns 


of the dislocation line will give similar jogs and a similar likelihood that th 
at they 
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contain S-dislocations or D-dislocations. We can reasonably expect, 
therefore, that interstitial producing jogs occur in almost equal abundance 
to vacancy producing jogs on dislocations in f.c.c. lattices. What asym- 
metry exists in their relative abundance will depend on how greatly the 
energies of a double and a single stacking fault differ. 


§ 6. Summary 
The conclusion of Hirsch that dislocation jogs in f.c.c. crystals can produce 
only vacancies has been modified through an extension of his analysis. 
It is shown that if dislocations attached to double stacking faults are con- 
sidered, interstitial producing jogs can occur. There is complete symmetry 
between ease of creation of vacancies and interstitials only in the situation 
in which the energy of a double fault is identical to that of a single fault. 
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The Viscosity of Liquid Helium 3 


By D. S. Brrts, D. W. OssonxzT, B. WELBERT and J. WILKS 
Clarendon Laboratory, Oxford 


[Received 12 March 1963] 


ABSTRACT 


Measurements have been made of the viscosity of liquid *He under its 
saturated vapour pressure in the temperature range 0:14-2-]?x. In the 
experiments, a polished cylinder of quartz oscillates in the liquid in its funda- 
mental elastie torsional mode, the viscosity being obtained by observing the 
logarithmic decrement of the system. The resulting values of the viscosity are 
in agreement with those of Osborne et al. (1949) and of Taylor and Dash (1957), 
but are appreciably higher than those of Zinov'eva (1958). At lower tempera- 
tures the present results appear to extrapolate towards values consistent 
with tho coefficients of the absorption of sound observed by Abel et al. (1961), 
and are not inconsistent with the 1/7? dependence predicted by Landau's 
theory of a Fermi liquid. 


$ 1. INTRODUCTION 


Tux viscosity of liquid ?He between 3° and 1*K has been measured by 
Osborne et al. (1949) and. Zinov'eva (1958) using capillary flow methods; 
and by Taylor and Dash (1957) using oscillating discs. These authors 
obtained values of the viscosity which show a similar dependence on 
temperature, but the magnitude of Zinov'eva's values is about 20% less 
than the others. In this temperature region the viscosity is approximately 
constant, but the results of Zinov’eva show that between 1° and 0-35°x it 
increases rapidly with decreasing temperature. The aim of the present 
work was to extend these measurements to investigate the behaviour at 
stilllower temperatures. A short note on our present resu lts has appeared 
previously (Betts et al. 1962). 

Above 1°x liquid 3He behaves rather like a dense classical gas, as might 
be expected from its abnormally large molar volume. The thermal 
conductivity has a magnitude not very different from that of *He gas, and 
the thermal conductivity and viscosity follow quite closely the classical 
relation for a gas: K=$7Cy (Challis and Wilks 1957). The viscosity has 
been discussed by Taylor and Dash in terms of a gas kinetic model. The 
motion of the atoms is mainly due to zero-point energy, so their velocities 
are approximately independent of temperature. The mean free path of the 
pia NMR SIC See) E eee 
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atoms is approximately the interatomic spacing, and is also fairly constant ; 


hence the viscosity does not vary much with temperature. 

At lower temperatures this classical model breaks down because of the 
effects of quantum degeneracy, and the simplest approach would be to 
regard the liquid as a perfect gas obeying Fermi statistics. One would 


then predict a specific heat proportional to the absolute temperature T, 
coefficients of viscosity and self-diffusion proportional to T=, and a thermal 
conductivity proportional to 7-1. A more realistic theory of a formi 


liquid, which takes account of the interactions between the atoms, has beer 
given by Landau (1956, 1957, 1958) and elaborated by Abrikosow azc 
Khalatnikov (1957a,b,c,d, 1958, 1959). These authors give det«'lec 
expressions for the specific heat, nuclear susceptibility, viscosity, thermal 
conductivity and attenuation of sound; Hone (1961) has also used similar 
methods to obtain an expression for the coefficient of self-diffusion. ‘The 
theory is only valid for temperatures well below 0-1°x, and in this region 
the various coefficients are found to vary with temperature in the same 
way as given by the simple Fermi gas model. The magnitudes of the 
coefficients as given by the Landau model have been evaluated by Hone 
(1962). 

Since the present work was commenced the specific heat has been meas- 
ured by Anderson et al. (1961 a, b), the thermal conductivity by Anderson, 
Salinger and Wheatley (1961) and the self-diffusion by Anderson, Reese, 
Sarwinski and Wheatley (1961). Below 0-05°x the dependence of these 
quantities on temperature is as predicted by the Landau theory: their 
magnitudes agree with the theoretical predictions as well as can be 
expected (Hone 1962). No theoretical treatment has yet been given of 
the transition region between 0-05° and 1-0°x. s: 


1 
j 


1 


$2. EXPERIMENTAL 

The method was similar to that used by Mason (1947) to measure the 
ESSI of heavy oils, and by Welber (1960) to measure the viscosity of 
liquid He. A cylinder of polished quartz, with its X axis parallel to its 

geometric axis, 15 Immersed in the liquid, and excited piezo-electricall 
into its fundamental mode of elastic torsional oscillation. On EE 
off the excitation, the amplitude of oscillation dies away exponentially du 
the quartz, (ii) mounting 
the surrounding fluid. In the present 


The quartz crystal used for our final determinations was 4-990 cmin 1 h 
and 3-043 + 0-002mm in diameter, the variation 0:002 mm indicati m 
degree of non-cireularity. This crystal was held symmetrical ca xd the 
cylindrical electrode assembly by two nylon threads ou y within a 
in its waist as showninfig.l. These grooves, 0-2 mm dee pee cut 
one on each side of the crystal, at right-angles to the axis SS RUE ne 
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parallel to the optic axis of the quartz. The nylon threads were spring 
loaded and passed through accurately positioned holes in the surrounding 
electrodes, thus holding the crystal firmly with little mounting loss. The 
electrodes themselves consisted of four copper Strips, each as long as the 
orystal, and in the form of a quadrant of a hollow cylinder. They were 
mounted on a surrounding hollow copper cylinder, so as to clear the erystal 
by 0-4mm. One pair of opposite electrodes was insulated from the 
cylinder by thin sheets of PTFE adhesive film, and secured to it with PTFE 
screws ; the other pair screwed directly to the copper cylinder. ‘The whole 


Fig. 1 
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Threads 
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Plan and sectional view of the crystal mounted in its holder (see text). 
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assembly slid into a close fitting copper container, so that about 1 cm? of 
liquid was required to cover the quartz. : rane 
To make a measurement, the crystal was brought into resonant oscillation 
by applying an alternating voltage between the two pairs of electrodes. 
The drive was then switched off, and the decay of the oscillations observed 
by way of the signals induced piezo-electrically between the electrodes. 
These signals were proportional to the angular displacement of the quartz 
and decayed exponentially. The larger decay constants of order a m^ vt 
(as observed in vacuo) were measured on a Bruel and Kjoer Level Reeorssr, 
while the smaller constants of order 0-2 sec (observed in liquid helium) wre 
measured electronically. As the decaying voltage signal fell through 57o 
pre-determined levels it operated trigger circuits each giving a sharp «e. 
pulse ; these two pulses then passed into a timing circuit which measured ine 
interval between them. ‘The trigger and timing circuits were calibratec 
directly against the time constant of a known RC circuit and thus gave 
direct readings for the decrement of the oscillating crystal. 

Between 1-3? and 2-1?x, thermal contact between the liquid ?He in the 
viscometer and the main liquid *He bath was maintained via 4He exchange 
gas. In the range 0-4-1-3°x the viscometer was in contact with a 3He 
cryostat via *He exchange gas. Below 0-4°x it was cooled by a pill of 40 g 
of potassium chrome alum, which was demagnetized adiabatically from a 
field of about 10 kilogauss at 0-4°x. To obtain adequate thermal contact 
between the helium and the paramagnetic salt, about 2000 enamelled wires 
of number 40 SWG were soldered to the bottom of the copper vessel con- 
taining the viscometer. (This operation was carried out by passing a short 
length of thick copper tubing over the wires and then hammering it flat. 
The tube was then sawn through, leaving the ends of the wires eripped by 
about 5mm of tubing. The sawn face, which resembled a wid copper 
surface, was filed and polished smooth and then soldered to the bottom of 
the copper viscometer.) The 2000 wires with a total surface area of about 
1000 em? passed down into a slurry of finely powdered potassium chrome 
alum and Apiezon A oil, most of the latter being finally sucked out, leaving 
a tightly packed residue of powder wetted with a minimum of oil ines 
arrangement gives quite good thermal contact between the liquid 3He pal 
the salt, in spite of the various resistances. To determine the ti $ 
characteristic of the approach to thermal equilibrium w e CUR M 
thermal capacity of the helium given by Brewer et al e. un onthe 
hc eae between helium and copper given by m eee 
anc Wheatey (1961) and between copper and the par i 
ROT e ail. UE i the paramagnetic salt by 
spore ne eee show that, in the conditions of the 

EC i p time of over two hours, the t , ; 
differences between the helium and the salt should b E 
within 10min of demagnetizing. uld be less than 10- deg K 

The relation between the viscosi "thm; 
fron) the aene EN I m 2 pd decrement follows 
for example, Landau and Lifshitz, 1959). In He compressible fluid (see, 

: e case of a fluid bounded 
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by an infinite plane («=0) which oscillates with velocity V,cos wt in the 
i y-direction, the velocity at a point in the liquid is given by 


V (Œ) = Voexp (— x/ô) cos (wt — 2/8) —. . . . (I) 


where 6 is the characteristic ‘penetration depth’ of the shear wave given by 


-JE 


‘The force acting on unit area of such a plane is 


7 
7 m. = — (wp)! * V, cos c z) Sus d) 


The greatest value of the penetration depth in our experiments 
(L-£x10-1em at 0-14?x) was so much smaller than the radius of the 
quartz cylinder that we may use the above expressions although they 
only apply strictly for a plane surface. By integrating eqn. (3) over the 
surface of the oscillating crystal we find that the work done per cycle by 
the whole surface against viscous drag is 


Ie Y Y 
W= 53 (Set S), Ce e c tiges NU) 


where S, is the area of the curved surface, S, that of the two ends and 
Vm the peripheral velocity amplitude at the end of the crystal. 
Hence we find : 


5 1/2 
A-A- a) (Sosa oe NETS 
w 


where M is the mass of the crystal, A is the measured logarithmic decrement 
and A,is the background decrement, found by a measurement in vacuo. 
Regarding the penetration depth, we note: (i) the thickness of the liquid 
layer covering the quartz surface must be appreciably greater than ô, 
otherwise a correction would have to be made to (3); (ii) microscopic 
irregularities on the quartz surface must be smaller than 6; (iii) the mean 
free path between collisions of atoms (or quasi-particles) in the liquid must 
| be smaller than 8. These conditions were all satisfied in our experiments. 
| The logarithmic decrement in vacuo, Aj, representing the combined losses 
due to the internal friction in the quartz and to the mounting losses was 
4 x 10-7 at 4-2?x, whereas the decrement in the liquid *He, lay between 
1-4 x 10-4 at 0:14°K and 6-1 x 10-° at 2-1°K. Hence, in all our experiments, 
the corrections to be applied on account of Ay were less than 0:7%,. 

We were not able to obtain absolute values for the amplitude of vibra- 
| tion of the quartz. However, the amplitude could be varied by factors up 
to 100, by varying the voltage signal impressed in the quartz. Such 
variations made no measurable difference either to the value of the viscosity 
or to the warm-up rate at the lowest temperatures. Hence the amplitude 


was never large enough to create turbulence, or to have any appreciable 
heating effect. 
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$3. RESULTS 


Before presenting our final values, we mention some earlier results 
obtained with a quartz cylinder 6cm long and 6mm in diameter, which 
resonated at 32:4ke/s. These results showed a large spurious peak at about 
1:75°x which was very sensitive to pressure changes and appeared similar 
to peaks observed by Welber (1960) in liquid *He. As discussed by V 
it seems that sound waves were somehow being set up in the liquis 
dissipating energy. The maximum of the peak (under the vapour p 
occurred at 7'—1:75?x where the velocity of sound is 166 m/sec; “or a 
frequency of 32-4ke/s, this corresponds to a wavelength of 5mm, ‘E 
only dimensions of this order in the viscometer were the length (6 cm) 
the perimeter (20cm) of the quartz. It seems rather unlikely that the 
torsional mode of the crystal could excite any appreciable longitudinal 
modes in the liquid. On the other hand, any departures from circularity 
in the quartz cylinder cross section might very well tend to generate sound 
waves travelling round the perimeter. Furthermore, sucha non-circularity 
would be very difficult to avoid, since the thermal contraction of quartz on 
cooling is not isotropic, and tends to deform the cross section elliptically. 
The longest wavelength to fit this pattern is equal to half the mean peri- 
meter, i.e. 1-0em. The next possibility of resonance is for a wavelength 
of 5mm, which is close to the figure we observed. A second quartz crystal 
was obtained with dimensions chosen to avoid unwanted resonances 
(3-0 mm diameter and 50mm long). It oscillated ata frequency of 40-5 ke/s 
no spurious peak was observed and the damping obtained showed no undue 
dependence on the pressure. In addition, the results obtained between 
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0-5 and 1?x were the same as with the first crystal. Hence we concluded 
that the new quartz crystal would behave as required for our particular 
experiments. 

Our final values were obtained with liquid 3He which a mass spectro- 
phic analysis showed to contain 0-1% of “He. Mean free path considera- 
sions show that any effect of this should be negligible. Our values for 
the viscosity are shown in fig. 2 and smoothed values are given in table 1. 
iigure 3 compares these results with those of Zinov'eva (1958), of Taylor 
said Dash (1957), and of Osborne et al. (1949 and private communication) ; 
7alues of the latter authors, hitherto unpublished, are given in table 2. 
Our results are in substantial agreement with those of the last two groups 


Fig. 3 


—r 


Temperature (°K) 


o O5 ro 15 2:0 
Viscosity (micropoise) 


The viscosity of liquid 3He under the saturated vapour pressure. Curve A, 
present results : Curve Z, Zinov’eva (1958) ; + Taylor and Dash (1957) ; 
A Osborne et al. (1949). 


Table 1. Smoothed values of the viscosity 


T (°K) | (Micropoise) T (°K) (Micropoise) T (°K) (Micropoise) 


0-14 215 0:30 77 0-90 31 
0-16 175 0:35 65 1-0 29 
0-18 145 0:40 58 13 27 
0:20 130 0-45 52 1-4 25:5 
0:22 115 0:50 47 1-6 25:0 
0:24 105 0-60 4l 18 24-5 
0:26 95 0-70 36 2.0 24-5 
0-28 84 0-80 33 
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of workers. Above l?x Zinov'eva's results are about 20% smaller; at 
lower temperatures this difference becomes more marked, increasing 
to about 30%. The reason for this discrepancy is not clear, but it may be 
significant that in Zinov'eva's experiments, the velocities of the liquid and 
the corresponding Reynolds numbers were at least an order of magnitude 
greater than in any of the other work. 


$4. DISCUSSION 
There are considerable differences between the various values ci53ned 
for the viscosity, but we note that rather similar discrepancies exist `n t 
reported values of the viscosity (yn) of liquid helium II. Determin: 
of mn have been made by Benson and Hollis Hallett (1960) who observed the 
damping on an oscillating sphere, and by Dash and Taylor (1957) who used | 
oscillating discs. These experiments give values for the product pnya | 
(where pn is the so-called normal density) differing by about 10%. To 
| 
| 
| 


obtain yn it is necessary to know the value of pn. The first-mentioned 
authors calculated pn from the velocity of second sound, while Dash and 
‘Taylor obtained somewhat different values of pn in a separate and probably 
less accurate Andronikashvili type of experiment. In addition to these 
discrepancies, the values of Nn measured with the rotation viscometer 
differ considerably from those obtained with the oscillating sphere. | 


Table 2. Values of the viscosity obtained by Osborne et al. 


T (°K) (Micropoise) 


1:043 30-4 
1-103 
1-418 
1-493 
1-893 
2-121 
2-321 
2-787 
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um order to check the functioning of our viscometer we also have measured 
a o viscosity of liquid helium II. Our results are in fair agreement 
e oscillating sphere values; that is they are 10-15% higher than 


e oscillating disc experiments of Dash and Taylor and 
nder experiments. 
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shown up in any of the standard precautions that the authors have reported. 
In view of these results, some discrepancy in the work on liquid ?He is 
perhaps not altogether surprising; nevertheless the position is far from 
satisfactory. 

We now relate our values of the viscosity to those derived by Abel et al. 
(1961) from their measurements of the coefficient of absorption of 5 and 
15Me[s sound waves in the liquid at somewhat lower temperatures. 
According to Landau's theory of liquid ?He the coefficient of absorption 
of sound at not too high frequencies is given by: 


TA qt a v- 1] aco 
pe? 


(Abrikosov and Khalatnikov 1958), where - and c are the frequency and 
velocity of the sound, p and K the density and thermal conductivity of 
the liquid, y and ¢, the coefficients of viscosity and second viscosity, C the 
specifie heat of constant pressure and y the ratio of the principal specific 
heats. At low temperatures (y— 1) becomes small, so the contribution 
from the last term in eqn. (6) may be neglected. Also as discussed by 
Khalatnikov and Abrikosov the coefficient of second viscosity is expected 


Fig. 4 


Temperature (^k) 


0-01 0:05 O1 os to 20 
Viscosity (mieropoise) 


The viscosity of liquid 3He. (1) Present results. (2) After Abel et al. (1961). 
(3) Evaluated from theory (Hone 1962). 
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to be small. Hence eqn. (6) reduces to: 
Qa2f2 [4 M 
a= E 37 ; cce e toon) 


and fig. 4 shows values of the viscosity deduced from the absorption 
measurements of Abel et al. and eqn. (7). 

Abel et al. state that some geometric spreading of the sonic beam intro 
duced some uncertainty into the lower values of the coefficient of abs 
tion (i.e. the values taken at the higher temperatures), but claim that t 
effect was not serious below 0-1°x. It is clear from fig. 6 that one caz:55 
extrapolate smoothly from our results to those of Abel et al. at 0-i°x, 
1f, however, we ignore their values of the absorption above say 0-06? 
account of possible beam spreading, then such an extrapolation beco 
possible. This result suggests that, to at least a good approximation, 
eqn. (6) is a valid expression for liquid *He at these temperatures, and that 
our values of the viscosity are consistent with the observed values of the 
coefficient of absorption. As pointed out by Abel et al., the viscosity 
deduced from their results below 0:05? may be written n=2:8 x 10-8 7-2 
c.g.s. units. This value shows the expected dependence on temperature. 
Its numerical value is however somewhat larger than that calculated by 
Hone (1962) (see fig. 4) from the theory of Abrikosov and Khalatnikov 

(1957) and the latest available data on the specific heat, velocity of sound 
and magnetic susceptibility. However, this discrepancy is not too serious 
in view of the complexity of the transport equations. 


ACKNOWLEDGMENTS 


We wish to gratefully acknowled P i 
; ly ack ge support of this work by the U.S. 
ne IDI Commission, by the U.S. National Acronautics and Space 
dministration and by the Department of Scientific and Industrial 
Research who provided a maintenance grant for one of us (D. S. B.) 


REFERENCES 


ABEL, W. R., Ax: N 
7, 299. Denson, A. C., and WnATERY, J. C., 1961, Ph 


RS 05 E. 2m Md IGLALATNIKOY, I. M., 1957 a, Soviet Physics, J.E.T.P. 
8,888: 1958 Teed in 5» 887; 19570, Ibi, 6, 84; 1997 d. "ril 

Annee i e i 1959, Rep. Progr. Phys. 39,329. ° 
Phys. Rev. Lellers, T. Siar ee nS R. J., and WnsATLEY, J. C., 1961, 


s 42V. 


ANDERSON, A. Q., 1 
Letters, 6, 443. 9. GL, and Waratrey, J. Q. 1961, Phys. Rev. 
um e es puter, A. C., 1960, Canad. J. Phys, 38, 1376 
"ni. Conf am aa W., Wauren, B. and Wines, J. 1900 Proc. Bighth 


Te ; E 
Brewer, D. F., DAUxr, J. eese ud (London) (in the press) 


ys. Rev. Letters, 


A. K., 1959, Phys. Rev., 115, 836. 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Viscosity of Liquid Helium 3 987 


Canaris, L. J., and Winks, J., 1957, Proceedings of the Symposium on Liquid 
and Solids 3He (Ohio State University). 

Dasu, J., and Tavron, R., 1957, Phys. Rev., 105, 7. 

Hone, D., 1961, Phys. Rev., 121, 669 ; 1962, Ibid., 125, 1494. 

Kurm, N., Roswsoy, F. N. H., Siwox, F., and Spon, D. A., 1956, Nature, 
Lond., 178, 450. 

“ANDAU, L. D., 1956, Soviet Physics, J.E.T.P., 3, 920; 1957, Ibid., 5, 101; 
1958, Ibid., 8, 70. 

LANDAU, L. D., and Lisarrz, E. M., 1959, Fluid Mechanics (London : 
Pergamon Press), § 24. 

ifason, W. P., 1947, Trans. Amer. Soc. mech. Engrs, 69, 359. 

OSBORNE, D. W., WzrwsTOCK, B., and ABRAHAM, B. M., 1949a, Phys. Rev., 
79, 988; Proc. Int. Conf. on the Physics of Very Low Temperatures 
(M.I.T.). 

TAYLOR, R., and Dasa, J., 1957, Phys. Rev., 106, 398. 

i BER, B., 1960, Phys. Rev., 119, 1816. 

ZiNOV'EVA, K. N., 1958, Soviet Physics, J.E.T.P., 7, 421. 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


E 
o 
o 
£ 
[-] 

oO 
o 

v 
= 
Gi 

T 
= 
c 
o 

= 

o 
c 

£e 

= 
© 

oO 
€ 
3 
o 

uL 

T 
E 
oI 

[7] 
© 
e 

< 
> 

a 

o 
D 

EN 

= 

ep 

a 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


[ 989 ] 


Stress Relaxation and Dynamic Recovery 
in Cobalt at Low Temperatures 


By P. FELTHAM 
The University, Leeds 


[Received 5 January 1963, and in revised form 11 March 1963] 


ABSTRACT 


Stress relaxation in polycrystalline cobalt of 99-999% purity was studied 
at constant strains of up to 8% at 77-384°K. After the application of a small 
plastic strain increment the applied tensile stress c diminished logarithmically 
with time; from the variation of the slopes of the isothermal relaxation 
curves (do/dlog,,t) with temperature and pre-strain the rate controlling 
energy barrier was determined to be 1:61+0-lev. This appears to be related 
to the formation of vacancies by intersection jogs dragged by basal disloca- 
tions. The relaxation contributed to dynamic recovery, manifest in the 
linear decrease of tho coefficient of ‘ parabolic’ work-hardening do*/de from 
18-3 x 107 at 77°K to 5-8 x 107 Kg?/em! at 384?x. 


§ 1. INTRODUCTION 
Ix recent work on logarithmie stress relaxation as observed in metals 
after plastic deformation at low temperatures (Feltham 1961 a) it was 
shown that measurements of the slopes s(T', op) of relaxation curves: 

—Ac=o,—c=S logy) (1+), - - . . . - (X) 
relating the instantaneous tensile stress c and the time /, could be used to 
determine the energy barrier U, of the rate-determining process. ‘The 
assumption that the relaxation arises from thermally activated residual 
glide involving migration of jogged dislocations subjected to an effective 
shear stress 7*(t) leads to an activation energy : 

OO- Uro IU — WC UE (2)) 
where v is the activation volume and U(t) is equal to kT In (1+vt). On 
writing for the equivalent tensile stress, as determined for example in 
experiments with polycrystals, 

gir LX Ex DES woe eec CN aecenas) 

(e.g. Payne et al. 1958, Howe and Elbaum 1961), one has from (2): 

v= 3q, seen : . (4) 

and the activation volume v can then be determined from measured 

values of s by means of the relation : 

8—?3ET|g. Soo, 2 ee D) 

If conj ugate values of o* are known as well then U, can be found, e.g. on 

the basis of the consideration that since U(t)>0 if 70, then (eqn. (2)) 
qo* must approach U, closely at low temperatures. 
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The main object of the present work was to determine the magnitude 
of the energy barrier U, for cobalt, and to identify the rate-controlling 
mechanism of low temperature relaxation. Intersection jogs in glide 
dislocations of hexagonal metals penetrate two basal planes (Seeger 1955), 

i and knowledge of the barrier height U, was expected to provide some 
indication of their mode of migration. 


§ 2. EXPERIMENTAL METHOD AND RESULTS 


Rods of cobalt of 99:999% purity (Johnson and Matthey spectro::27ic 
standard), annealed for 1 hour at 850?c followed by slow cooling =. she 
vacuum furnace and further holding at 350°c for 48 hours, were wsed, 
Some experiments were also made with annealed magnesium of c; 
purity. The grain sizes were 110 and 70 for cobalt and magnesii 
respectively. 


, 
| 


Fig. 1 


T a cst TIT a ana 


150 


384 9K 
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| 
SECONDS 


Stress relaxation in cobalt at 384°, Nu 
increments, and correspond to the points 


mbers refer to consecutive strain 
on the uppermost curve in fig. 5. 


T > ; 
p um were carried out by straining the metals at a rate of 
| Ho IW e unting after consecutive elongations of about 
1 £ the relaxation at each stage. Details of the procedure 


have been given previous] 
11, 200, 505 E T (Feltham 1961 b). Temperatures used were 


MEETER cobalt, and 77, 147, 200, 255 and 295?x for 


part from certain irre, ula; e curves I and 2 
A rit 
s g les at small strains, 8. 


: as logarithmic 
obtained for 10 consecutive strain MN e i aa a the curves 
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The * plastic ’ regions of the stress/strain curves of cobalt (fig. 2) can 
be described with fair accuracy by parabolae : 

(ooo) vesc) 
as is evident from the log-log representation (fig. 3), in which cc was taken 
to ve 500 Kg/em? and e, —0 at all temperatures. Each line drawn through 
the points has a slope of 4, confirming the validity of eqn. (6). ‘The 
cosf3elent of parabolic work-hardening derived from them can be seen to 
devrease linearly with increasing temperature (fig. 4). 


Fig. 2 


A 


[99] 
4 
O1IOO kg/cm? 


25 


oar Gs Innere 


Oo 2 4 6 E% 


Stress/strain curve of annealed cobalt deformed at a tensile strain rate of 
about 0-195 per sec. 

Transgranular slip bands were observed in cobalt and magnesium. 
These appeared to be due to basal glide; slip on other systems, as well 
as twinning, were observed mainly near grain boundaries. In magnesium 
evidence of glide polygonization leading to the formation of sub-boundary 
networks was observed on examining deformed specimens at room 
temperature. 

Activation volumes v, obtained from measured values of s by means of 
eqns. (4) and (5), were found to lie between about 4000 Q (s=9 Kg/em?2, 
T =384°K) and 200 Q (s=36 Kg/em?, 7’=77°K), where Q (= 1-1 x 10-23 em’) 
is the volume per atom of cobalt. 
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Fig. 3 


3 10 


of the * plastic ' regions of the work- dues curves 
L 2. The slopes of all lines are 1. 


AS 
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Fig.4 


20 


5 
©) lOO 200 300 400 


Temperature dependence of the coefficients of ‘parabolic’ work-hardening. 
Measured points were obtained from fig. 3. 


Further, writing 


G= Sram due= bye ose ee) 
eqn. (10) yields for the tensile coefficient of parabolic work-hardeningy: 
do?|de =xo|(1 +T), xo 54G*b[L. poc (0) 


On substituting into eqn. (13) L— $D — 55 p, G — 9:1 x 105 Kg/em? (at 77^K ; 
Maringer and Marsh 1960) and b— 2:51 A, the value of y, for cobalt becomes 
20 x 10? Kg?/cm*, in good agreement with the value obtained by extra- 
polation to T=0°x in fig. 4. At higher temperatures relaxation, and 
hence creep, becomes progressively more pronounced, and x declines. 


3.2. The Relaxation Process 
If, in accordance with the model of work-hardening upon which eqn. (7) 
is based, the effective tensile stress o* is assumed to be determined primarily 
by the dislocation density, then one can write: 
aie GCs ee Os me (15) 
where voe is a residual < locking stress given by the intercepts of the 
isotherms in fig. 5 on the stress axis, i.e. at stresses less than cc no relaxation 


mc —— — 
Ion Reon 
+ As the left-hand side of eqn. (13) is strain independent, T is not a function 


total strain, and dec;/de, can be replaced by <cr/e, in eqn. (11). The 
ME een shear and tensile strains in eqn. (12) follows from the equality 


the energy increments ode and vdy. 


P.M. 3U 
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is observed. As the experimental results show that the extent of the 
relaxation — Ac (eqn. (1)) never exceeded a few per cent of the initial stress 
even after 1000 sec of relaxation, one can write for the slopes of the lines 


in fig. 5: 
o*|sede|ds, o=%, - - + + + * * (15) 
which yields, with eqns. (2) and (5): 4 
U,— U(t)e qo* = 2:3kET dalda c=o. +++ + 4 18) 


€ xlO*? kg/cm? 


Dependence of the slope s (eqn (2)), characterizing the à 
panes relaxat; 
on the applied tensile Monde SON OCI, 


Elimination of the time dependence of the stress fr 
of eqn. (16) by means of eqn. (15) implies that 
approximation U(t) is negligible comp. 
the following considerations. 
In the present experiments the frequency y ing i 

(2) was equal to about 1 per sec. Thus rad inum hi t ee 
U(t) cannot exceed 0:05 ev at 77°x, and 0-23 ev at 384% a d ill in 
general be rather less. On the other hand, values of 23h de las ( s 
(16)) obtained from fig. 5 are equal to 1-62, 1-57, 1-73 and 1.52 s 


om the right-hand side 
to the same degree of 
ared with Uj. "This is confirmed by 
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77, 200, 289 and 384?x respectively, so that the neglect of U(t) in eqn. 
(16) may call for at most minor corrections of Uy as evaluated at the 
highest temperature in the range. Parallel results were obtained with 
magnesium ; U, in this case was found to be 0:74 + 0:05 ev. 


$ 4. DISCUSSION 

On taking the activation energy of self-diffusion of cobalt equal to 
95 ev ¿Mead and Birchenall 1955), and of magnesium 1:39 ev (Shewmon 
end Ekses 1954), the ratios U,/Usa are 0-545 and 0:532 respectively, 
which is considerably higher than corresponding values obtained at 
ins 2? up to 3% in copper (0:14). It appears that a mode of jog move- 
t ic vossible in copper, at least at low strains, which is not observed in 
onal metals. The high values of U, in the latter suggest that the 
etermining process of the relaxation involves the formation of 
vacancies by intersection jogs in basal dislocations, which appear to 
contribute most to the deformation. Also, Conrad et al. (1961) found 
an energy barrier of 0-71 ev associated with work-hardening of magnesium 
single crystals undergoing basal glide at temperatures of 4:2-420°K. 
This value agrees with U, (0-74 ev) deduced from stress relaxation data 
in the present work. 

Activation energies for vacancy formation in cobalt and magnesium do 
not appear to have been measured. For nickel and aluminium, adjacent 
to them in the Periodic Table, the respective values are 1-4 ev (Takamura 
1956) and 0-68 + 0-1 ev (Wintenberger 1959, Mehl et al. 1961), and these 
are reasonably close to the values of U, deduced for cobalt and magnesium. 

The jogs responsible for the relaxation seem to be of the elementary 
type, for longer ones would have to generate two or more vacancies on 
moving non-conservatively, and energy barriers far in excess of the 
measured values would be expected. Evidence that multiple jogs are 
not in fact dragged by moving screw dislocations in zinc crystals even at 
room temperature, but become ‘pinched off’, has been obtained by 
Price (1960). Further, as intersection jogs in basal dislocations in 
hexagonal metals must penetrate two close-packed layers of atoms, 
divacancies would be expected to form if the jogs were not dissociated. 
The formation of single vacancies, indicated by the present results, could 
be understood if the jogs, like the basal dislocations containing them 


(e.g. Berghezan et al. 1961), are dissociated, the partial jogs generating 
vacancies asynchronously. 


ra 


$ 5. CONCLUSIONS 
The logarithmie mode of relaxation, and the numerical values of the 
energy barriers associated with the process in cobalt and magnesium are 
consistent with a mechanism in which non-conservative movement of 
dissociated intersection jogs in basal dislocations is rate determining. 
The tendency of the dislocations to migrate into grain boundaries of 
sub-boundaries, and their actual or ‘effective’ removal from the grain 


3U2 
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or crystallite interior resulting from this, appears to be responsible for 
the dynamic recovery accompanying work-hardening. In f.c.c. metals 
(Feltham 1961 d) comparable phenomena are found only at large strains, 
in the third stage of work-hardening. 
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Self-Diffusion in Molybdenum 
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[Received 20 March 1963] 


ABSTRACT 


The radioactive isotope ?"Mo has been used to study solf-diffusion in 
olyerystalline and single crystal specimens of molybdenum in the tempera- 
ture range 1850 to 2350?c. Diffusion zone analysis was carried out by serial 
sectioning with a lathe and y-ray activity measurements with a scintillation 
counter, The two kinds of specimen gave similar results, diffusion coefficients 
in the polycrystalline material are expressed by D=0:5 exp (—96:9/RT), 
and in the single crystals by D=0-1 exp (—92-2/ RT). 


$1. EXPERIMENTAL 


Meruops of specimen preparation, heat treatment and temperature 
measurement were essentially the same as those described by Peart et al. 
(1962). The materials used were a 3 in. diameter polycrystalline rod and a 
single crystal in the form of rod about } in. in diameter and 5 in. long. The 
main impurities in the polycrystalline rod were carbon (100 p.p.m.), iron 
(100p.p.m.) and silicon (10p.p.m.). Radioactive molybdenum metal was 
electrodeposited onto one flat end face of short cylindrical specimens cut 
from these rods. 

Initial experiments showed that appreciable evaporation of molybdenum 
occurred at diffusion temperatures in vacuo, but this difficulty was overcome 
by heat treating the specimens in pairs with the coated surfaces in contact. 
These heat treatments were carried out in vacuo at pressures between 10+ 
and 10-5mm Hg, and temperatures measured with a calibrated pyrometer 
were considered accurate to within + 20°. 

Between eight and fifteen sections were cut from each specimen after the 
radii had been reduced by about 0:5 mm to remove surface diffusion effects. 
The thicknesses of the sections (0-01 to 0-05mm) were determined by 
weighing specimens before and after each cut, and the turnings were 
collected and known weights of them dissolved in 2 ml of aqua regia. These 
samples were then assayed for y-ray activity using a well-type scintillation 
counter. Corrections were made for radioactive decay using one of the 
samples as a standard. 


$2. RESULTS AND DISCUSSION 
Typical penetration curves are shown in fig. 1; curvature at the lower 
ends was detected in some of the polycrystalline specimens, suggesting & 
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slight contribution of grain boundary diffusion. This was not confirmed 
by autoradiographie examination and there was certainly no evidence of P 
the pronounced grain boundary effects reported by Peart et al. (1962) 
in their study of the tracer diffusion of Co in Mo. The present results 
represent satisfactory solutions of Fick's equations for the geometrical 
conditions used and diffusion coefficients caleulated from the gradi of 
the penetration plots are given in table 1. 
Figure 2 shows the resulting temperature dependences of the dif sion 
coefficient for the two kinds of specimen. They have the form 


D= D, exp(—Q/RT), | 


| 
| and values of D, and Q evaluated by least squares analysis of ihe 


experimental data are given in table 2. 
L 
Fig. 1 
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Logio D-1/T plots for self-diffusion in single erystal and polycrystalline 
molybdenum. 
| Table 1 
i AS 5 q : : jent 

| Temperature E sss Temperature Diffusion 
» Co) (single crystal) Co) (polycrystalline) 
| ENERO o —. 
l 1850 3-1 x 107 1850 6:0 x 1071 
| 1950 6:4 x 10-11 1910 9-0x 1071 
| 2005 1-41 x 10-10 1910 1:14 x 10712 
| 2030 1-42 x 10-10 1980 1-38 x 10-19 
| 2080 2-73 x 10-10 2005 1:89 x 10-1? 
2170 4-19 x 10-10 2045 ^ 968x101? 

2240 8-22 x 10-10 2065 3:84 x 10-1? 
| 2260 8-50 x 10-10 2140 6:30 x 10-1 
l 2290 1-14 x 10-9 2220 1-68 x 10 
| 2300 1:43 x 10-9 2220 1:69 x 107? 

2345 1:63 x 10-9 2300 2-15 x 107? 
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Previous studies of self-diffusion in Mo have been made by Bronfin et al. 
(1960), Borisov et al. (1961) and by Danneberg and Krautz (1961). These 
authors’ results are also given in table2 with an indication of the temperature 
ranges studied. Bronfin et al. made measurements at only three, and 
Borisov et al. at only five different temperatures. It appears that the values 
of D, and Q quoted by the latter authors are too high to represent the best 
fit to their experimental points. The temperature range given in tasis 2 
for the work of Danneberg and Krautz includes five measurements on w 
their results are based. Additional measurements above and below tsat 
range were discarded on the grounds that recrystallization occurred above 
2080?c, and grain boundary diffusion below 1870°c. 


'Table 2 


Author Material eus D, (em?/sec) | Q (kcal/mol) 
o 
Gite Gems Poly- 5099509 T0 
This work crystalline 1850-2350?c 05 ^03 96-9 + 4-4 
Single +01 ; 
E- NM DNE ortor | 922226 
s Poly- - 9.77 
Bronfin et al. crystalline 1700-1930°c 2-77 11l 
un Poly- c 
Bor isov et al. crystalline 1800-2150?c 4-0 115 
Danneberg - = " 
and Krautz | (Mo wires) 1702 0S0G 0:38 100:8 


E a INRREEEINRNNE 


Tt is of interest to compare the present results on self-diffusion with those 
of Peart et al. (1962) on the tracer diffusion of Co in Mo, for which the 
values Do= 3:0 em?/sec and Q= 100 keal/mole were deduced. Some of the 
€ course of the present work, and 
a Co tracer diffusion is significantly 
| his is an u È "ticular 
as the size factor for Co in Mo is about — TOS VN E 


om shows an activati 
greater than that of the solvent self-diffusion. eee! 


Finally it may be remarked that the result Q95 kcal/mol for 
agreement with the empirical 
als, given by Hagel (1962) as 
o serious discrepancy between the 
)relation.D, — ay exp (ÀABQ/RT m). 


Q=34:4Tmkcal/mol. Inadditionthereis n 
result D, = 0:3 cm?/sec and the Zener (1951 
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The Formation of Photographic Images in Single Crystals 
of Lead Iodide 


By R. I. Dawoop and A. J. Forty 


H. H. Wills Physies Laboratory, 
University of Bristol 


ABSTRACT 


A recent investigation of the electrical conductivity of small crystals 
X lead iodide has led to the discovery of an anomalous behaviour in 
photo-conductivity. The conductivity undergoes a sudden extinction at 
temperatures between 170°c and 190?c. This appears to be related to the 
occurrence of photo-decomposition which commences at the same tempera- 
ture. The micrographs presented in this paper to illustrate photo-decomposi- 
tion also demonstrate the remarkable localization of the effect. They 
suggest the possibility of using photo-decomposition in lead iodide crystals to 
‘print out’ photographic images, providing a recording process which may 
have advantages over conventional techniques. 


MEASUREMENTS of the electrical conductivity of small, single crystal 
platelets of lead iodide have revealed an interesting effect associated 
with the photo-decomposition of this material (Dawood and Forty 1962). 
At temperatures above 200°c the variation of conductivity shows the 
kind of behaviour normally expected of ionic crystals, but, at lower 
temperatures, the normal ionic conductivity is greatly enhanced by an 
electronic component. This enhancement is dependent on the intensity 
and wavelength of light incident on the crystal, and is to be associated 
with the phenomenon of photo-conductivity. Photo-conductivity in 
lead iodide has been studied previously by Coblentz and Eckford (1922). 
The novel feature of the recent observation is the rapid extinction of 
photo-conductivity at temperatures between 170°c and 190°c, apparently 
associated with a sudden increase in the rate of trapping of photo-electrons, 
positive holes or other charge carriers which are normally mobile at the 
lower temperatures. 

In an attempt to gain further understanding of this phenomenon by 
direct observation, crystals have been heated on the stage of an optical 
microscope. The remarkable changes in appearance that are observed 
in this way show that the extinction of photo-conductivity is associated 
with a form of decomposition. When the crystals are heated to 250°C 
in complete darkness, cooled to room temperature and then examined, 
no visible change can be detected. However, if the crystals are heated 
in visible light, a dark speckle begins to appear at approximately 170?c, 
and develops further at higher temperatures as exposure to the light 
continues. Illumination at room temperature and subsequent heating 
in darkness does not produce visible speckle. The spectral dependence 
for the development of the speckle is similar to that for the observation 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
1004 R. I. Dawood and A. J. Forty on 


of photo-conductivity. The speckle has been identified by transmission 
electron microscopy and electron diffraction as small particles of metallic 


In some cases there is evidence that the lead has partially reacted 


lead. 
The pheno- 


with the atmosphere to form lead oxide or lead carbonate. 
menon is apparently a photo-induced decomposition similar to that 


observed with the silver halides. 


Fig. 1 


Low magnification optics i i 
g a ptical microgr aph of image of copper grid in single crystal 
of lead iodide. x40. * 


adu A E compen can be illustrated in a rather 
à D "Ing observati Peur : à 

mierograph of a platelet. which has UT om af m 
m illuminated for a few minutes through a masking grid oes He 
d lamp. The micrograph shows how the Ead A 

ariy ag In the crysta 7 T E 

only in the illuminated Ta ea oe : n id 
Same crystal at a magnification of approximately m pores the 
interesting to note that, even with this degree of enlarge m dt "n 
is still sharply defined. The definition is preserved meque MESS 
enlargement. This is evident in fig, 3. A very thir E m greater 
few hundred angstroms in thickness was placed woe atelet, only a 
grids and heated to 180°c with visible light incident ean m two copper 
This grid was then removed and the erystal ORE Eo E 
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to the stage of an electron microscope. Figure 3 is a transmission electron 
micrograph of part of that crystal prepared in this way. It shows a region 
where the junction of two grid bars is imaged in the crystal, and can be 
located as the area marked A on the corresponding optical micrograph in 
s. 4. Figure 3 illustrates clearly how the image is composed of a 
dense aggregate of small, strongly absorbing particles formed only in 
that part of the crystal that has been exposed to the light during heating. 

^e particles have been identified by electron diffraction as precipitates 

metallic lead and, probably, lead carbonate. 


fig 


High magnification optical micrograph of part of the crystal shown in fig. 1. 
The structure visible in this micrograph within the bands shielded from 
the illumination arises from physical damage of the surface of the erystal 
during the removal of the grid. x 350. 


Those parts of the crystal shielded from the light by the grid bars 
remain undecomposed, but clearly contain many imperfections. At 
higher magnification these can be resolved as loops of dislocation, presu- 
mably produced by the condensation of vacancies created during the 
heating. It is interesting to note the arrangement of Bragg diffraction 
contours in the shielded regions in fig. 3. "This indicates a puckering of 
the shielded part of the crystal to accommodate the shrinkage of the 
exposed areas following decomposition. 

A full explanation of the mechanism by which the ‘ print-out ° effect 
occurs will be given in a later paper in connection with the photo-activity 
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Fig. 3 


Transmission electron micrograph of thin crystal showing junction of two grid 
bars in the image. x 1350. 


of lead iodide, and, therefore, only a brief discussion is included here. 
Our interest in the observation arises from earlier studies of the behaviour 
of small crystals of lead iodide and other, similar materials in the beam 
of an electron microscope (Forty 1960, 1961). The crystals decompose 
during exposure to the electron beam in a manner very similar to that of 
the photo-decomposition described here. The measurements of electrical 
conductivity which led to the discovery of photo-activity in lead iodide 
were initiated as a preliminary step towards Separating ionization effects 
from the heating effects of bombardment with electrons. The enhance- 
ment of conductivity by incident light is probably associated with the 
photo-ionization of the halogenions. This is apparent from the observa- 
tion that the critical wavelength for the photo-effect coincides approxi- 
mately with the fundamental optical absorption edge (there is actually a 
slight shift which might be accounted for by the thermal ionization of 
excitons, giving rise to a significant photo-conductivity in the long wave- 


length tail of the absorption edge). Ionization releases electrons to the 
conduction band and creates positi 


: ive holes, or iodine atoms. The 
latter can be displaced from their proper lattice sites as the temperature 
of the crystal is raised, leaving io 


l : dine ion vacancies, The local positive 
charge associated with an iodine ion vacaney can probably induce the 
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displacement of a neighbouring lead ion into an interstitial site, and there- 
by create a positive ion vacancy. Aggregation and recombination of these 
defects, in particular the combination of interstitial lead ions with 
photo-electrons, leads to the precipitation of metallic lead. "The sudden 
onset of precipitation, and the equally sudden extinction of photo- 
conductivity at 170°c, suggests a critical temperature-dependence for 
the process of aggregation. This is probably associated with the mobility 
5e defects. The formation of stable aggregates of structural defects 
vacancies and interstitial Pb** ions) must lead simultaneously 
t^ 5 marked increase in the rate of trapping of photo-electrons. It is not 
{ ble at this stage, however, to give a complete description of the 
moo.anism for this. 


Fi g. 4 


Optical micrograph of crystal shown in fig. 3. Note the correspondence between 
area A and fig. 3. x250. 


In conclusion, attention should be drawn to the potential technological 
importance of the phenomenon of 'print-out'. The sharpness of the 
images naturally suggests the possibility of using a single crystal or even 
an aggregate of platelets of lead iodide for photographie recording. 
Indeed, the possibility of using a microscope to make very high magni- 
fication enlargements in which the image remains sharply defined makes 
the print-out technique particularly suitable for the recording of fine 
detail. Moreover, this kind of photographie process, by which the image 
is recorded only when the crystal is simultaneously exposed to light 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


MT CTI Se 


Digitized by Arya Samaj Foundation Chennai and eGangotri E 
1008 On Photographic Images in Single Crysta 2 ‘Lead. Iodide 


and heated to the critical temperature, has many advantages over 
conventional photography. For example it provides for safe daylight 
handling and the formation of a very stable image. The contrast in the 
image, though acceptable, might be improved by chemical development. 
These possibilities are being explored. 
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Crystallographic Surface Features on Tin Ingots 
By K. E. PuTTICK 


Davy Faraday Research Laboratory, The Royal Institution, 
Albemarle Street, London, W.1+ 


[Z:seived 30 January 1963, and in revised form 28 March 1963] 


ABSTRACT 

Crystal surfaces on certain ingots of pure (99-99%) tin show depressions of 

ier 10-3 em wide and 10-5—10-5 em deep having the appearance of Maltese 
crosses, whose symmetry is correlated with the surface orientation relative 
o (001). These are ascribed to slip out of the crystal of helical dislocations 
formed by condensation of vacancies on «001» screw dislocations. 

"wo other surface features are briefly discussed : facets on surfaces near 
close-packed orientations, and an impurity sub-structure which in dendritic 
crystals appears to outline dendrite directions without rational indices. 


§ 1. INTRODUCTION 
WnzN tin is cast in a cold mould, the resulting ingot (provided the casting 
temperature is not too high) has a large grain size and a clean, highly reflec- 
ting surface which often shows interesting detail. The observations to 
be described were made on material of the following approximate composi- 
tion: 
Pb Sb Bi Cu As Fe S 

wt% 0.0021 0-0032 0-0008 0:0006 0-0005 0-0004 0-0004 


§ 2. PREPARATION OF SPECIMENS 

Specimens were cast at a temperature of about ten degrees above the 
melting point (232?c) in shallow open sindanyo moulds of dimensions 
2x0:5x10cm. The moulds were at room temperature before casting and 
had been coated with colloidal graphite to prevent sticking. 

The crystal size in these bars was of the order of 1 em wide by 1mm thick. 
On most crystals there could be seen a pattern of lines which close examina- 
tion revealed were shallow grooves about 106cm deep, no doubt an 
impurity sub-structure of the kind studied by Chalmers and his colleagues. 
On the upper surface of the ingot these lines form a regular pattern parallel 
to the direction of growth (fig. 1); on the bottom surface—that adjacent 
to the mould—the lines radiate out in a branching manner from a central 
direction which is often delineated by a clear lane (fig. 2). ‘These latter 
grains appear to be dendritic, with the lanes defining the direction 0 
primary growthi. 

REA NL M. eU e ee ee 
sd zi INE Battersea College of Technology, Battersea 

i Under the conditions of these experiments the surface in contact with the 
mould did not replicate the mould surface, and was usually of very good quality 

or microscopic examination. 
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These patterns of impurity sub-structure on the lower and upper faces 


of the ingots indicate the way they solidify. When the liquid is firat 
poured into the cold mould, conduction of heat through the refractory 


Fig. 1 
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Lincar pattern in crystals on upper surface of tin ingot. 
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material creates a thin supercooled layer in which dendritic crystals grow 
(since the latent heat of solidification evolved at the solid—liquid interface 
can be conducted away into the liquid). The remainder of the liquid is 
not supercooled, and during its solidification latent heat must be conducted 
away through the solid behind the growing interface or, at the free surface, 


removed by convection or radiation to the atmosphere, so that the growth 
fren of crystals in the upper part of the specimen is a stable interface 
cci! ugzated by impurity segregation as in Chalmers’ studies. 

se details of the sub-structure pattern in dendritic crystals suggest that 
dew (ite needles first grow rapidly into the supercooled layer, rejecting 


sciute as they do so and building up a boundary layer of impurity behind the 

i», Subsequent growth from these needles is accompanied by segregation 
jute in this region of enhanced concentration, resulting in impurity- 
walls in the solid radiating from the primary needle. 

The surface of a few of the grains is composed of facets making a small 
angie with the general plane of the surface and bounded by steps 
10—5-10-! em high or occasionally even larger. These are obviously similar 
to the terraces observed by other workers (Atwater et al. 1955) on crystal 
surfaces near close-packed orientations. In the specimens described 
here the steps bounding them frequently form the same pattern and have 
the same spacing as the linear pattern of the impurity sub-structure (fig. 3). 
A detailed explanation of this phenomenon is probably to be found in terms 
of the geometry of the terraces during freezing near the surface of the 
corrugated liquid-solid interface. 
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Fig. 3 (continued) 


(b) 


Terraced crystals. (a) On upper surface. Growth direction parallel to steps. 
(x45) ; (b) on lower surface. Arrows indicate dendrite directions. (x 50.) 


$3. MALTESE Cross FEATURES 


The main purpose of this paper is to describe a class of surface features 
which have not been previously noticed. These are near-circular or 
4 elliptical markings having the appearance of Maltese crosses (fig. 4). 
They are typically 10-? em or so in width, which rarely varies on any one | 
crystal by a factor of more than three. When viewed under the microscope l 
they differ considerably in contrast, from the limit of visibility when they } 
can only be detected by opaque-stop or similar methods of contrast | 
enhancement, to those accessible to the most casual examination. The 
symmetry of the crosses is the same within any one grain; that is, the 
eccentricity of the elliptical outline is the same and the cross ar 
parallel to the same directions on a given crystal surface. It can also 
be seen that the most contrasty crosses are those which are most nearly 
circular—the more elliptical they are, the fainter. The crosses are seen. 
both on the lower and free surfaces of the ingot, and often are distributed 
along a line parallel to the direction of growth (fig. 4 (c)), sometimes on the 
sub-structure lines referred to above. Their density varies considerably 
between grains and within one grain: the maximum local density is 104/em?, 


ms are all 
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Fig. 4 


(a) 


(0) 
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(d) 


Maltese cross features. (a) 


(d) doubled feature, (x 250 
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but this never extends over the whole of a crystal, and is frequently less 


than 102/em?. Occasionally ‘double’ features are observed (fig. 4 (d)). 


$4. ORIENTATION DETERMINATIONS 


The foregoing observations were correlated with the orientation of the 


crystals determined from back-reflection photographs. The reflection 
spots were sharp, indicating an absence of macro-mosaic (small-angle tilt 
born laries) usually seen in single crystals of tin grown under controlled 
conditions. The orientation determination established the following 


. The dendrite direction measured in the surface does not seem to be 
erysoallographieally determined. Figure 5 (a) is a stereographic projection 
of nil the directions so far established (usually one per crystal). Even where 
the surface approximates to a close-packed plane and contains a family 
of low index directions these are not preferred. A few experiments were 
made with ingots cast into a mould with a curved surface ; on such specimens 
dendrite directions appear to curve round the surface. This variability 
of direction (if the clear ‘lanes’ in the sub-structure do represent dendrite 
axes) is in marked contrast to Chalmers’ observation on dendrites grown 
in melts of which the bulk is supercooled, where the growth direction seems 
to be always of low indices. Weinberg and Chalmers (1952) found that in 
tin the direction was (110), which has only once been observed in the present 
work. In the tetragonal tin lattice, moreover, the (110) directions define 
the basal plane, so that surface dendrites might be expected to have a strong 
(001) preferred orientation. This surface orientation has not been found. 
A table relating dendrite directions to surface orientation is given in the 
appendix. 

(6) The faceted crystals have a general surface orientation within 5? 
of (101) or (100). ‘This agrees with the determination by Plaskett and 
Winegard (1960) of the orientation of tin facets both on liquid-solid 
interfaces examined after decanting and on free surfaces. ‘These planes 
are respectively the first and third most closely packed in the tin lattice. 
It is curious that (110) surface orientations have not been found so far, 
since this is the second most closely packed plane. It has however been 
found in a cognate investigation by Hellawell and Herbert (1962). Where 
the surface is very close to either of these orientations the steps are very low 
and decorated with small round “towers ’, the height and spacing of which 
are related to the height of the steps (fig. 6). These are probably frozen 
droplets of liquid, the result of a surface film of liquid metal breaking up 
cous steps before solidification, but the reason for this behaviour is not 
clear. 

. (c) The Maltese cross features are only observed when the surface plane 
is within 60° of (001). The eccentricity of the bounding ellipse decreases 
with the angle between the surface and the basal plane, and the contrast 
(as indicated above) increases, so that as the surface approaches the (001) 
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orientation the features become more nearly circular and more strongly 
a visible. As the angle between the surface plane and (001) increases the 
angle between the cross arms decreases from 90° unless the surface lies on 

) zone (as is the casein fig. 4 (c)). Figure 5 (6) illustrates the relation 

on 19 crystals to the surface orientation. Tt must be 
j ot a random sample, as most of the orientation 


of crystals with obviously crystallographic 


determinatio. 
features. 
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Fig. 6 


Decoration of steps on surface very near close-packed orientation. (x 80.) 


the metal surface and drained so that the edge of the resin when dry 
passed through a region densely populated with crosses. When this was 
illuminated in green mercury light it was found that adequate two-beam 
fringes could be obtained between the metal and the free surface of the 
resin. A photomicrograph of such a fringe system traversing some of the 
crosses is seen in fig. 7; by measuring the fringe displacement on the plate 
with an x-ray densitometer the vertical dimensions of the features could 
be estimated to an accuracy ofabout10-9em. Itwasfound that the crosses 
are in fact shallow pitst whose depth ranges from below the limit of 
accuracy of the technique up to about 4x 10-95cm. As can be seen from 
fig. 7, the pits are rather sharp edged and flat bottomed. The depth of 28 
pits plotted against width is shown in fig. 8 from which it appears that there 
is no correlation between width and depth. 


§ 6. DISCUSSION 

The observation that the Maltese cross features are pits formed during 
cooling surely indicates some process involving condensation of excess 
vacancies. However, the vacancy supersaturation at the time the features 
were formed is unlikely to have been very great, for the temperature 
gradients in these crystals, particularly the dendrites, must have been 
ratherlow. Many of the pits, moreover, are clearly formed at temperatures 
__{ Ina brief report of this work to the International Union of Crystallography 


Congress in 1960, I stated that these features were projections from the surface. 


I was led to this mistaken conclusion by studying only contrast effects, which are 
misleading. 
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Fig. 7 


Interferogram of Maltese cross features. (x 500.) 


close to the melting point, for it can often be seen that a grain boundary 
separating crystals of widely different orientations has migi 
region containing the features after they have been formed. 
migration in this material occurs very rapidly in the fir: 
the melting point after solidification. 

Various mechanisms proposed to account for w 
principle be reversed to make pits; here an 
the model proposed by Amelinckx ef al. (1957) to the present problem. I 
suggest that vacancies condense on (001) screw dislocations to form 
helices, which slip prismatically out of the crystal to make a pit of depth 
^b, where ntis the number of turns and b the Burgers vector. Dislocations 
may be expected to be formed behind the growth front, for instance as a 
consequence of impurity Segregation (Tiller 1958), and the most probable 
Burgers vector is (001), this being the smallest lattice translation in tin. | 
A very small supersaturation of vacancies is needed to convert those | 


dislocations in nearly screw nto helices; Weertman (1957) | 
has shown that the number of turns which can be initially induced in a screw 
dislocation is s 

TERE 


mGb* 


'ated across a 
Such boundary 
st few degrees below 


hisker growth can in 
attempt will be made to apply 


orientations i 


n N 
AT > 
M, 


points on the dislocation that are pinned, 


Nt ] 


where Z is the distance between | 
G is the shear modulus and N/N o the ratio of the actual to the equilibrium | 
concentration of vacancies. If we take G—]1-6 x 1011 dynes/em? and | 


l 
! 
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Depth of crosses as a function of width. 


b=3 x 10-5 cm, then a supersaturation of 5% results in a density of turns of 


order 104/em. Ifthe energy of formation of a vacancy in tin is 11-8 kcal/mol 
(De Sorbo 1959)t such a supersaturation is attained by a drop in 


temperature of less than 1° below the melting point, if all the vacancies are 
retained. In practice, of course, some will be lost, particularly in the 
surface layers. Once helices are formed they may increase in radius by 
consumption of vacancies; helices up to 50 u diameter have been observed 
in aluminium by Lang (private communication). There is a limit to the 
density of turns, at about the point at which the loop spacing is of the same 
order as the radius of the tangent cylinder, set by the elastic repulsion of 
| neighbouring turns, but if a helix terminates at or near a surface loops may 


be attracted out of the crystal by prismatic Slip so that vacancies may 
continue to condense even when the helix is as tightly wound as possible. 


T See also a recent determination of the coefficient of self-diffusion in tin : 


| 
| Meakin and Klokholm (1960). 
J 
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This accounts for the occurrence of such comparatively deep pits, which 
require the escape of some 500 turns of helix from a crystal only 1 mm or so 
thick. 

If this interpretation is correct we must suppose that the radius of the 
helix is nearly constant for most of its length, so that on slipping out it 
produces a nearly flat-bottomed pit. To explain the appeara 
pits we must further suppose that the radius decreases as the last fo. 
slip out of the crystal and that the cross section of the helices is soms sors 


of rounded square with sections of straight edge along low index & ions 
probably (1005, for which the line tension of dislocation is a r. aun 
(fig. 9). Such a helix of decreasing radius would on slipping oub © vve « 
spiral terrace within the pits giving rise to the crossed appearance .:«wec 


under the microscope. (It is not possible at the moment to say v.7:ctl 
the apparent curvature of the cross arms is real or not; it is almost certai 
enhanced by diffraction effects at the sharp edge of the pit.) 


I 
Fig. 9 


Proposed shape, viewed along axis, of helical 


dislocation producing } 
cross pits. E CRGA 


the Surface, it explains the apparent 
orientation departs from (001). The 
interpreted in this way as representing 
he kind postulated by Amelinckx et al. 
possibilities envisaged by Thomas and 


variation in depth as the surface 
double crosses (fig. 4 (d)) can also be 
double spirals of opposite hand of t 
(fig. 3 of the 1957 paper) or similar 
Whelan (1959). 
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Pits formed during cooling on aluminium surfaces have been observed 
by Docherty and Davis (1959), Arora and Metzger (1960), and on a copper- 
silicon alloy by Kasen and Polonis (1962). The latter workers suppose, 
as did Amelinckx et al. (1959) in another connection, that vacancies 
condense on the step of a screw dislocation and wind it up. A pit produced 
in this way should be fed principally by vacancies diffusing along the 
dislocation line, and if the line were straight or nearly so the depression 
woud have a pyramidal form unlike those observed in the present study. 
pt slocation were initially helical this mechanism might produce pits 
of «oc sight shape, but vacancy diffusion to the surface is in any case likely 
to be ^ more time-consuming process than diffusion to dislocations followed 
by y- matic slip, i.e. once helices near the surface are tightly wound they 

ly to slip out before they can act as vacancy conductors to any 
signiccant extent. At the moment, therefore, the model put forward here 
seeins preferable as an explanation of the Maltese cross pits. 
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APPENDIX 
Apparent DIRECTIONS or DENDRITE GROWTH 
The table gives the relation of apparent dendrite growth directions in 
crystal surfaces to the surface orientation. Both parameters are referred 
to the corners of the unit stereographic triangle, (001), (100) and (110). 


In the tin lattice these represent both the poles of planes and the correspond- 
ing directions. 
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ABSTRACT 


The magnetic domain structure has been studied extensively by trans- 
inission electron microscopy techniques in the Ni,Mn alloy, which becomes 
strongly magnetic with increasing atomic order. It has been found that the 
configurations of intermediate equilibrium long-range order consist of a 
mosaic structure of long-range ordered single non-contiguous magnetic 
domain rods in a disordered non-magnetic matrix, similar to that observed 
in the Alnico V structure. Magnetic domain walls are therefore not observed 
in these alloys. The fully ordered alloy, on the other hand, as well as alloys 
possessing homogeneous configurations of imperfect long-range order, show 
a well-defined magnetic domain wall structure. In addition some complex 
magnetic domain wall configurations in the vicinity of grain and twin bound- 
aries have been observed and analysed. 

Long tails which are exhibited by the magnetization-temperature curves 
for alloys possessing imperfect order, and which are eliminated as the order 
becomes perfect, have also been studied. These tails have been discussed 
in terms of a model in which the Curie temperature of the alloy is determined 
by the individual Curie temperatures associated with each magnetic spin, 
which in turn depends on the nature of its nearest-neighbour spins. An 
important feature of this aspect of the investigation is that magnetic domains 
are observed at temperatures well within these tails, suggesting that the 
Curie temperature determined by extrapolation techniques is significantly 
lower than tho true Curie temperature. 

Lastly, extensive measurements of the manner in which the magnetic 


remanence is affected by order have also been made, and are discussed in 
detail. 


$ 1. INTRODUCTION 


Ir was first shown by Kaya and Kussmann (1931) that atomic ordering 
in the Ni,Mn alloy leads to a remarkable increase in the ferromagnetic 
properties of this material. Ina previous paper, which will be referred to as 
I, Marcinkowski and Brown (1961), using magnetic and neutron diffraction 
techniques, showed that above the critical ordering temperature of 
Tet ~480°c}, Ni,Mn possesses only short-range order, while below about 


T In order to avoid confusion 7,4 will be used to refer to the critical temper- 
ature for long-range atomic order, while TS will be used to designate the 
critical temperature for long-range magnetic spin order. 
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425°c the alloy existsinastateofnearly perfect long-range order. Between 
these two temperature limits the magnetic measurements indicate that 
regions of long-range order are present in a matrix which contains at most 
only short-range order. The manner in which these equilibriu m confi gura- 
tions are attained isothermally was also studied in I. A later iny estigation 
by Marcinkowski and Miller (1961), which will be referred to as fi. concerning 


the mechnical properties and dislocation configurations asse.isted with 

these various ordered states, confirmed to a large extent the rez:5 obtained 

in I. 
One of the aims of the present investigation has been to use the «new bat 


more direct techniques of transmission electron microscopy wit 
of the alloy to examine in more detail the various configuration: of 
postulated above. Secondly, in order to study several aspects o 
domain wall configurations in thin foils as well as how these configurations 
might possibly change with the various states of order, thin foils of tie 
alloy were examined using the transmission electron microscopy techniques 
first employed by Hale et al. (1959) to reveal magnetic domain walls. 
Lastly, the effect of these ordered arrangements on the very structure- 
Sensitive remanent magnetization was studied. 


$2. EXPERIMENTAL PROCEDURE 

‘The samples used in this investigation were taken from the same 22-7 at. % 
manganese ingot described in I and II. All of the transmission electron 
microscopy results were obtained with thin foils prepared by electrochemical 
thinning 0-003in. thick strips which were annealed at the v 
tures and times required to produce the desired configuration of order as 
discussed in II. Al] electrochemical thinning was done using the chromic- 
acetic acid electrolyte along with the procedures used by Fisher and 
Marcinkowski (1961) for preparing Cu,Au foils. For revealing magnetic 
domain walls, an RCA-EMU-3 electron mier l 
was used. The remainder 
gation was carried out with i D 


Remanence measurements at — 196?c were 


arious tempera- 


In fact, these measurements were obtained concurrent] y with the magneti- 
zation measurements described in T. > 


ed $3. RESULTS AND Discusston 
3.1. Variation of the Configuration of Or 
Specimens quenched from above 4 
transmission electron micr 


At 480°c, however, an inhomogeneous mosaic structu 
fig. 1, was observed in the thin foils. The light areas have been interpreted 
as consisting for the most part of groups of rods, each with a diameter of 
about 160 å and lying along (100) directions. Each group contains, on the 
average, three rods lying in {100} planes with a spacing of about 1304 


» were, as far as the 
rtain, homogeneous. 
re, such as shown in 
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measured through the darker matrix structure. The length of each rod 
was found to be roughly 6004. As the temperature is lowered, the volume 
fraction of rods increases at the expense of the matrix, until finally at 
425°c the rods become contiguous with one another, and the foil appears 
homogeneous again. These observations were first reported briefly by 
Marcinkcwski and Fisher (1960) and Marcinkowski (1962). 


(100) TRACE | 


qu 


Transmission electron mierograph obtained from a Ni,;Mn foil which was 
annealed for 51-5 hours at 480°c. Light mosaic rod-like structure 
tepresents regions of long-range order. Normal to foil is [112]. 


P.M. 3Y 
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An inhomogeneous configuration of order in the temperature interval 
of 480-425°c was also predicted quite independently in I solely on the 
basis of magnetic measurements. In the light of data obtained in I, it 

i appears reasonable to suppose that the rods observed in fig. 1 are regions of 
long-range order with a high magnetization (47J);, and magnetie Curie 
temperature 75,5, while the matrix consists of only short-range order with | 


a lower magnetization (4rI)s and Tog", where the subscripts L and S r 
to long and short-range order respectively. At 480°c the long-ra 
order within the rods is postulated to be quite imperfect, but increase 
perfect long-range order as 425?c is approached, i.e. the Bragg and Wil 
long-range order parameter S=1. In addition the degree of short-ro: 
order in the matrix, designated by c, shows a corresponding increase witi | 
decreasing temperature. 

A schematic illustration of the non-homogeneous configuration of order l 
corresponding to that observed in fig. 1 is shown in fig. 2 (a). Each rod is ' 


Fig. 2 | 


@ © @ 
[wee | 


© ® ©) [ioo] 


El 


(a) Schematic illustration of long-ran i 
[ EA -range ordered mosaic rod structure i 
in a matrix of short-range order obtained by annealing a 224 mm Si Ma 


sample between 480 and 49596 (b) Conti 
gut 25°C. ontiguous anti-pha i 

E developed by lowering temperature below 425°0 thus eae 
rods in fig. 2 (a) to grow into one another. d a POS 


I 
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assumed to originate from a single nucleus and grow into a single long-range 
ordered domain. Since there are four equivalent sub-lattices which the 
Mn atom can choose, there will be four distinct types of rods. The Roman 
numerals within each rod indicate which of the four sub-lattices the Mn 
atom chooses. As the temperature is lowered, these rods grow at the 
expense of the matrix of short-range order until finally, below 425?0, the 
rods izapinge upon one another forming antiphase boundaries (APB's), 
vhicl.5 turn give rise to the well-known maze pattern observed in CuAul 
by Pasi oy and Presland (1958-59) and in Cu4Au by Fisher and Marein- 
kowski (.261). Unfortunately, unlike the case for CuAul and Cu,Au, 
APB’s arc not observed by diffraction contrast in Nis;Mn, due to the large 
extinction. distances possessed by even the lowest index superlattice 

icotions in this alloy, i.e. 103004 for the 100 superlattice reflection as 

culated by Mareinkowski (1962). The mosaic structures obtained in 
i e remarkably similar to those observed in permanent magnet 
aaterials by Heidenreich and Nesbitt (1952), Kronenberg (1960), Campbell 
and Julien (1961), and de Jong et al. (1958). 

The manner in which the mosaic structure developed with time at 465°c 
was also studied. The data obtained are shown in table 1. It was only 
after 10 hours at this temperature that a distinct mosaic structure became 


Table 1. Variation of long-range ordered rod configuration with 
temperature and time 


"Temperature Time Rod diameter Distance in matrix 
(°c) (hours) (A) between rods (A) 
480 51-5 160 130 
475 440 225 125 
465 10 125 110 
465 30 135 180 
465 504 155 155 
465 1840 180 200 
465 2521 270 150 


evident. At 2521 hours at this temperature the rod diameter increases to. 
about 2704. Similar isothermal anneals at 425°c and below showed the 
absence of a mosaic structure after any time. In accordance with the 
results of I, this observation is accounted for on the basis of an extremely 
high nucleation rate, so that the ordered domains are contiguous with one 
another almost from the start of the anneal; therefore no inhomogeneous 
aggregate is observed in the thin foils. With time, the size of these domains 
as well as the degree of order within them increases. The disorder-order 


transformation occurring at 425°o and below may thus be thought of as a 
homogeneous one. 


3Y2 
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The final item of interest in this section is to account for the mechanism 
by which the mosaic structure is resolved by transmission electron micro- 
scopy techniques. Clearly, the mechanism is one of diffraction contrast ; 
that is, the foil must be critically oriented for a strong Bragg reflection. 
This is illustrated in fig. 3 where the mosaic structure is observed only 
within the bend extinction contour associated with a principal reflection. 
Because of the vanishingly small intensities of the superlattice reflections, 


Fig. 3 


UNE © 


olp. 


iMn foil that was ordered a i i 

i at was s described 

ic structure is visible only in the Dens SLE 
ase arises from a 111 principal reflection, 


Micrograph obtained from a N 
Figure shows that mosa 
contour, which in this c 
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they play no role in diffraction contrast. The small difference in lattice 
parameter of about 0:04% between the ordered and disordered material 
(Melnikova and Bogachev 1960) would appear to rule out strain fields as the 
gin o? the mosaic contrast. The most reasonable model that one is left 
ppears to be related to a difference in electrochemical attack between 
c: dered rods and the less ordered matrix. Such differential polishing 
were first observed in partially ordered NijMn by Taoka (1956) using 
«iieroscopy techniques in conjunction with Pd shadowed collodion 
replicas. Granting that such relief effects do indeed occur, the mosaic 
;ructure is observed due to thickness contrast. The reason for the lack of 
rp delineation between the rods and the matrix is assumed to be associa- 
so. woh the unsharp nature of the electrolytic polishing at the interface 
bovwco: these two regions. 


3.2. Variation of Magnetic Domain Configuration with Atomic Order 

AH of the fully ordered NijMn alloys showed well-defined magnetic 
domain walls. On the other hand, although many of the N iMn samples 
possessing intermediate degrees of equilibrium order possessed large 
magnetizations as shown in I, the present results showed that these 
samples exhibited no visible magnetic domain structure. This finding was 
also reported previously by Taoka (1956) using Bitter pattern techniques. 
In order to determine the reason for this, a series of specimens was an- 
nealed at the various temperatures listed in the upper part of table 2 for 
times which were thought to be sufficiently long to insure that the 
Specimens were close to equilibrium. "The most important observation 
obtained therefrom is that in all cases where the ordered configuration 
consisted of a mosaic structure, no magnetie domain walls were observed 
by transmission electron microscopy. The explanation for this is given 
schematically in fig. 4(a@) which is based on the construction of fig. 2 (a). 
Specifically, the Curie temperature of the short-range ordered matrix is 
below the temperature of observation, i.e. somewhat above room tempera- 
ture, for all the ordering anneals carried out down to atleast 465?c. The 
long-range ordered rods on the other hand are strongly magnetic. Because 
of the small size of these rods it now becomes of interest to determine 
whether or not they each contain a single magnetic domain. Stoner and 
Wohlfarth. (1948) have made an accurate calculation of the critical size for 
single magnetic domain ellipsoids of rotation where the crystal anisotropy 
constant ky is small. From their analysis the following expression, 
rearranged into a more convenient form by Craik and Tebble (1961), is 


used : z 2 24 
JD) Sym att z - (qu 
T JE PUITI o MN q) 


where Dis the length of the minor axis of the ellipsoid and J, is the demag- 
netizing coefficient. From the data of table 1, the ratio. of the major 
axis of the ellipsoid to the minor one is taken roughly as three, from which 
a value for N, of 1:51 is obtained from appropriate tables (Bozorth 1951). 
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A is the exchange constant which, according to Kittel and Galt (1956), is 
given by: ; 
Eure co ul. (9) 
OR 
where J is the exchange integral and S is the total spin quantum number of 
the atom found to be 4, while a,’ is the length of the unit cell. The value of 
J was obtained from the magnetic Curie temperature TeS — 455?c cf the 
fully ordered alloy using the following expression given by Kittel (1952): 
_ SET. 
^ 228(S+1)’ 
where k is Boltzmann’s constant and z is the number of nearest-neighi: our 


Table 2. Magnetic domain observations as a function of 
fo} 
temperature and time 


Equilibrium observations 


Temperature Time of Mosaic Magnetic 
UE SENT pattern domains 
observed observed. 
600°c 15 min No No 
500°c 24 hrs No No 
480?c 51:5 hrs Yes No 
475°C 440 hrs Yes No 
465?c 2521 hrs Yes No 
Somiy Sooled Fon 500°c to Yes Yes (but very 
50°c at $?c/hr faint and 
often not 
observed 
425°C 1000 hrs No = D 
400°c 2760 hrs No Yes 


ee eee fe 


Kinetic observations 


Temperature Time of Mosaic Magnetic 
of anneal anneal pattern domains 
observed observed 
ae 0-5 hrs No No 
Anes lhr No Yes 
2 "c 10 hrs No Yes 
aoe 50 hrs No Yes 
poe 892-3 hrs No Yes 
25°C 24 min No Yes (but very 
425°C 34 min ae 
: No i 
425?c lhr No e cu 
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Fig. 4 
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(a) Hypothetical magnetization directions in strongly magnetic single domain. 
long-range ordered rods imbedded in an essentially non-magnetic, 
nearly disordered matrix based on fig. 2(a). (b) Normal magnetic 
domain configuration produced in Ni,Mn samples in which the atomic 
order is homogeneous with the configuration of fig. 2 (b). However 
the anti-phase boundaries are drawn dotted to distinguish them from 
the magnetic domain walls which are shown heavy. 


IL 


long axes lie with equal pr ili 
axes probability along the thr irecti 
and in directions which minimize ae Wm s e ; RE A aE 
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entire volume of the specimen is converted to highly ordered and E us 
highly magnetic contiguous domains of long-range atomic order. The 
normal magnetic domain wall structure can therefore form within this 
configuration as shown in fig. 4 (b). i 
A second series of experiments was next carried out to determine the 
manner in which the magnetic domain structure developed in specimens 
that were isothermally annealed for various times. The results for ine 
400?c and 425?c anneals which are substantially the same qualitatively ave 
shown in table 2. In going from complete disorder, i.e. 0 annealing In 
to complete order, no mosaic pattern was observed. As described in ‘ 
this is associated with the fact that the order occurs homogeneously. 3: 
also be noted from table 2 that the earliest times at which a magnetis 
main wall structure could be observed at 400°c was 1 hour while it w 
hoursat425?c. The magnetic domain wall contrast was almost vanishingly 
small after these annealing times, but as far as could be determined, their 
geometry was essentially the same as that observed in the fully ordered 
foils. 
The main purpose of the 425°c series of isothermal anneals was to study 
the possible changes in magnetic domain configuration that may occur 
as the magnetic Curie temperature T';5is approached. "This should in effect 
be possible in the present alloy since 7,5 is a strong function of the degree 
oforder. Thus, by observing Ni,Mn foils, given various annealing times at 
425°, at some constant temperature, which within the electron microscope 
is somewhat above room temperature, the effect should be the same as 
observing the domain structure in a pure ferromagnetic metal at various 
reduced temperatures 7’/7'o5. This can be seen by referring to fig. 5 which 
shows a series of magnetization-temperature curves obtained from a Ni,Mn 
Rowland ring which was annealed at 425°c for the times indicated. By 
extrapolating from the magnetization-temperature eurves corresponding 
to the 0-4 hour and 1 hour anneals in fig. 5, Curie temperatures of — 50*c 


comes 3 : à 
and —35°c respectively were obtained corresponding to these anneals. 


By definition, the Spontaneous magnetization becomes zero at TS, and the 
magnetic domain structure, in 


tie l a weak applied field, should vanish at or 
near T'?. As was seen in table 2 


walls, although faint, were observed 


ad lhourannealsat425?c. Since the 
ably causes the specimen temperature 
© above room temperature, these domain 


(1958) as well as Belov (1959) 


netic transition oceurs for both the disordered and partially ordered alloys 


of a long tail on the magnetization-temperature 
o from investigation of Litean beseen that these 
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Fig. 5 
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TEMPERATURE OF MEASUREMENT (°C) FOR FIXED DEGREE 
OF CHEMICAL ORDER 


Magnetization-temperature curves measured in a field of 100 oersteds of Ni,Mn 
specimens which were annealed at 425°c for the times indicated. 


anneal at 425°c, fig. 4 shows that the electron microscope observations 
were made at temperatures well within the tails of the magnetization- 
temperature curves. Since magnetic domains do not vanish within the 
tails of the magnetization-temperature curves, which exist over a wide 
temperature range above the value of T.S obtained by extrapolation, our 
concepts concerning magnetic Curie temperature in alloys must be seriously 
reconsidered. A qualitative picture of the magnetization-temperature 
relationships for fixed states of order will therefore be taken up next. 
Using Heisenberg's atomic model of ferromagnetism, it will be assumed 
that a coupling exists between the spins associated with pairs of atoms. 
The strength of this coupling is measured by the so-called exchange integral 
J. When this integral is negative the spins of the atom pair are coupled 
anti-parallel, and when it is positive the spins are coupled parallel. In the 
case of a f.c.c. crystal, each atom has twelve nearest neighbours, so that 
the exchange integral associated with each atom is expected to be some 
average value which can be obtained fromthe exchange interaction between 
pairs of atoms. According to Carr (1952), as well as Piercy and Morgan 
(1953), the exchange interaction between a Mn-Mn atom pair is very large 
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and negative, that between a Mn-Ni pair is somewhat less large and 
positive, while that between a Ni-Ni pair is still weaker and also positive. 
For convenience, the relative magnitudes of the exchange integrals were 
i chosen as follows: 
| |- Aimam] 73:33 Jynn = 4ye ooo - (4) 
Considering first all the Mn atoms in the alloy, the average exchange i 
gral J,,, associated with these atoms and their nearest-neighbour 
can be written simply as: 

J yen TE Parca Yin- T Nas] xim: Row ue 
where M, and Ny,4, are the fraction of nearest-neighbour Ma~ 
and Ni-Mn pairs. Also similar to what has previously been assumc:? by 
Kouvel (1960), Jym in eqn. (5) is the algebraic average of the positive and 
negative exchange integrals. The 13 distinct types of Jy, obtaixed 
using relations 4 and 5 are shown in table 3. It is obvious from this teble l 


ei 


Table 3. Hypothetical average exchange integrals associated with a Mn 
atom in a NijMn alloy containing 12 nearest-neighbour atoms 


Number of nearest- rerage exchang: 
neighbour Mn atoms nur v d d 
surrounding a given tl tl i n E 
ERE with the cluster 
eee 
12 SUN | 
ll —2:08 ,, 
10 2:021 
9 -235 | | 
8 Tiss | 
7 —153 ,, 
6 SAG 
5 -080 7 | 
& —0:45 
S —0:08 ,, | 
2 +0-28 ,, 
l +063 ,, 
0 +1-00 


th. 2 i i 
at for 12 Mn neighbours, the moment associated with the central Mn | 


two Mn atoms remain as nearest neighbours, the rest 
becomes positive. Since 
the central Mn atom within each of 
having its own Curie or Néel point, 
fically when the thermal energy just 
energy for a given Mn atom and its 
central Mn atom becomes uncoupled 
With this simple model, therefore, the 


matches the value of the exchange 
nearest neighbours, the spin of the 
and behaves paramagnetically. 
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magnetization-temperature relationship for a given degree of order S 
depends on the distribution of the various types of environments. For the 
state of complete disorder the number of these various environments can 
be fovnd simply from the following binomial expression : 


7 
P,(m) = E ORE ae. ci D s * : S p (6) 


? refers to the number of nearest neighbours or 12, m is the number of 
3m. neighbours, N the total number of atoms in the crystal, p the 


-ity of finding a Mn atom nearest neighbour or 1, and q the proba- 


st finding a Ni atom nearest neighbour or 3. Also 


n! 
"o mY(n—m)V 


(7) 


Ce 


The binomial distribution determined from eqns. (6) and (7) is shown in 
fig. 6, from which it is apparent that more than half the Mn atoms are 


coupled anti-parallel. According to the neutron diffraction investigation 
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Distribution curves showing clustering of nearest-neighbour Mn atoms in Ni;Mn. 
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by Shull and Wilkinson (1955), the magnetic moments associated with the 
Ni and Mn atoms are 0:30 and 3:18 Bohr magnetons respectively. These 
anti-parallel Mn moments are probably not quite sufficient to cancel out 
all of the remaining parallel Mn and Ni moments, resulting in a very small 
value for the magnetization at absolute zero as shown in I and pito by 
Kouvel et al. (1958). As the temperature is raised, the Mn atoms which 
possess three neighbouring Mn atoms become uncoupled first, sin 
according to table 3, they exhibit the weakest exchange Eun 3 
fig. 6 shows, these are the most numerous of the various clusters. £ 
on becoming uncoupled, these anti-parallel Mn moments can no 5 
cancel a parallel moment, the net magnetization increases, as sho 
Kouvel et al. (1958). "The next Mn moments to become uncouple 
those ferromagnetically aligned ones containing two Mn atoms, and 2! 
the net magnetization begins to decrease. These two types of Mn clusters 
account for nearly half the Mn atoms in the crystal, and since these Mn 
atoms are also part of the environments of the remaining Ni atoms and also 
some of the Mn atoms still possessing coupled moments, it is expected that 
the remaining exchange interactions would be progressively weakened as 
the temperature is increased, i.e. the uncoupling is a cooperative process. 
Unlike a pure ferromagnetic substance, however, the spread in exchange 
interactions in the disordered Ni;Mn alloy results in a more gradual decrease 
of magnetization with temperature, so that a tail is produced. Correspond- 
ing to the region of this tail, large numbers of Mn as well as Ni moments 
are uncoupled. However, there are still sufficient numbers of positive 
exchange interactions, so that a long-range ordering of spins persists. ‘The 
Curie temperature is reached when this long-range spin order vanishes. 
Tt is of interest to note that this breakdown of long-range spin order can 
come at a temperature much lower than that corresponding to the strongest 
exchange interactions listed in table 3. This in turn leaves open the possi- 
bility for the persistence of small clusters of the more strongly aligned spins, 
giving rise to a marked Superparamagnetic behaviour (Bean and Livingston 
1959). Superparamagnetism has indeed been found by Hahn and Kneller 
(1958) for the disordered and partially ordered Ni;Mn alloys. 
therefore reasonable to assume that the low 
disordered alloy is due to the large number 


possessing a small exchange interaction which leads to a rapid disordering 
of magnetic spins at a low temperature, with a resulting disordering of the 


remaining spins at a somewhat higher temperature. As S a 
however, the distribution cur 3 qu 
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of a greater number of the stronger ferromagnetic interactions, the long- 
range magnetic spin ordering persists to a higher temperature, i.e. the Curie 
temperature increases. Finally, for S — 1, all of the Mn atoms are entirely. 
surrounded by Ni atoms, as fig. 6 shows, and the alloy behaves like a pure 
ferromagnetic metal. A number of interesting features can be deduced 
from the curves shown in fig 6. First of all, because of the very small 
num.oor of Mn clusters containing more than five neighbouring Mn atoms, 
thoy ow: be disregarded as giving rise to any significant contribution to the 
mscnstic behaviour of the alloy. Secondly, as S increases, the distribution 
‘vill become more skewed to the left, leading to a narrower distribu- 
i in clusters with a consequent reduction in the length of the tails on 
the guetization-temperature curves, as is observed in fig. 5. For 
simptc cy. the Ni atoms and their environments have been omitted in 
this discussion. Since Jy x; and Jy, x; are all positive, they will of course 
contribute a range of rather high Curie temperatures since J x; With all Ni 
neighbours is 0:83 Jy, while for the perfectly ordered alloy it is 0-89 
Jxiym- In summary, therefore, the Curie temperatures associated with 
the vavious states of order depend on both the number and nature of the 
atom clusters, each of which can be thought of as possessing its own Curie 
temperature which in turn determines the temperature at which the break- 
down of long-range spin order occurs. Furthermore, it is anticipated that 
all of the extrapolation techniques for determining Curie temperature, 
which are based on a highly idealized model of a pure ferromagnetic metal, 
give some type of average Curie temperature possessing smaller values than 
the true one, when applied to disordered or partially ordered alloys such as 
Ni,Mn. 


3.3. Nature of the Magnetic Domain Walls in Ordered Ni, Mn and the Manner 
in which they are Modified by I muperfections 

The two methods of domain wall contrast used were the out-of-focus 
type (Fuller and Hale 1960) and the in-focus Foucault type (Fuller and 
Hale 1960b), both of which arise from a Lorentz force on the transmitted 
and diffracted electrons. 

Figure 7 (a) shows the magnetic domain wall configuration observed in 
a fully ordered (S —1) Ni,Mn foil, e.g. one that had been annealed for 2760 
hours at 400°c. Taoka (1956) has specifically determined K, to be 
3 x 10%ergs/em?. Thus, like iron, the easy direction of magnetization in the 
alloys from which fig. 7 (a) was obtained is along the (100) axis. Knowing 
this fact, along with the out-of-focus contrast mechanism discussed above, 
the directions of magnetization within each domain have been determined 
and are shown by the arrows in fig. 7(a). Since the + [100] and + [010] 
directions can all lie in the plane of the foil, one need not worry about the 
energy associated with the formation of free magnetic poles on the surface 
of the foil. Also, as observed in both pure and in 31 wt. % Si-Fe alloys 
ee and Galt 1956), the domain walls in fig. 7 (a) are of the 180° and 90° 
ype. 
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The selected area diffraction aperture was next positioned so as to include 
the beams transmitted from the magnetic domains labelled 1, 2, 3 and 4 
shown at the bottom left-hand corner of fig. 7 (a). The resulting diffraction 
patternisshownin fig. 7 (b). Each one of the four spots of the 200 reflection 
in fig. 7 (b) is labelled in accordance with the domain of fig. 7 (a) which gave 
rise to it. A micrograph was next obtained using the Foucault technique 
from the same area as that shown in fig. 7 (a) by moving the object: 
aperture, which appears black in the figure, in a direction close tc Y 
The aperture was moved just far enough so as to block out most of reficotion 

3, part of 4, a lesser part of 2 and none of 1 in fig. 7 (b), corresponding +9 she 
direct beam. The brightness of the domains in fig. 6(c) thus incx>sses 
in this order. From the inclusions in fig. 7 (c) which lie on {111} plancs cae 


Fig. 7 


(a) 
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Fig. 7 (continued) 


(b) 


thickness of the foil was calculated to be 3140 À, and since the magnetization 
Jis corresponding to the perfect state of order was found in I to be 9700gauss, 
the magnitude of the beam splitting could be obtained from the equations 
of Fuller and Hale (1960 a, b). Specifically, it was found to be 0:027 cm 
as compared to the value of 0:025 cm measured experimentally from the 
diffraction pattern of fig. 7(b). Both the out-of-focus and Foucault type 
of contrast are thus quite satisfactorily accounted for in terms of a Lorentz 
force acting on the electron as it passes through a thin magnetic foil. Itis 
important to realize that these are not diffraction contrast effects similar 
to that which is operative in revealing dislocations and planar faults 
created by atom displacements within the crystal. 

By comparing the present fully ordered Ni,Mn foils with the similar 
magnetic behaving 80-20 Ni-Fe foils studied by Methfessel et al. (1960), 
1000.4 would seem to be the most logical value below which a Bloch wall 
reverts to a Néel wall. Sato et al. (1962) have found an inerease in the 
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Fig. 7 (continued) 
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(c) 
(a) Magnetic domains in fully ordered Ni,Mn foil. 
by under-focusing electron microscope. 
High resolution selected area diftr 


Domain boundaries revealed 
Normal to foil is [001]. (b) 
action pattern taken within the domains 
labelled 1, 2, 3 and 4 in fig. 7 (a) showing splitting of diffraction spectra 

into four distinct spots, corresponding to the four different directions 
of magnetization contained within this area. (c) In-focus micrograph of 
Same area shown in fig. 7 (a). Magnetic domain contrast is of the 
Foucault type obtained by offsetting objective aperture. This 
aperture appears as the black crescent at the bottom of the figure. 
number of 90* walls in evaporated iron foils with decreasing thickness. 
They have attributed this tothe greater stability of 90° Néel walls. However, 
Kaezér (1957), on the basis of magnetostriction considerations, has shown 


that 90° Bloch walls also become more stable with respect to 180?c walls 
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as the foil thickness decreases below some critical value. "The net result is 
that 90? walls can grow at the expense of 180? walls as the foil thickness 
decreases. A further contribution to the greater stability of 90° walls is 
that they are in general of lower energy than 180? walls (Kaezér 1957). 
Taoka and Ohtsuka (1954) found that the magnetostriction constant À in 
NiMmnisless than 1x 10-5. Thus, the creation of 90? Bloch walls at the 
cxvense of 180? walls should be observed even in thick foils of this alloy. 
‘Ths “arge number of 90° Bloch walls observed in the 3140 å thick foil shown 
ir. £z. 7 (a) supports this hypothesis. A further striking example of 90° 
dor--^n walls is shown in fig. 8. In fact, essentially all of the walls are of 
this type. The thickness of the foil in this case was found to be 6304 
and t::5s from the above analysis the walls are probably of the Néel type. 
The general complexity of the domain walls in fig. 8 arises from the large 
number of presumably non-magnetic inclusions in this region of the foil 
which thereby have their free pole density greatly reduced. Since the 
average foil thickness in the present investigation was about 2000 A, it is 
concluded that most of the domain walls observed were of the Bloch 
type. 
Fig. 8 


Under-focused micrograph from fully ordered Ni,Mn foil showing modification 
of domain walls by oxide inclusions. Normal to micrograph is [001]. 


The general domain wall configurations in a group of neighbouring 
grains is shown in the low magnification electron micrograph of fig. 9. 
The free poles that would otherwise have been formed at the grain bounda- 
ries BCD are greatly reduced by the formation of triangular Bluse domains. 

P.M. ae 
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Fig. 9 


Modification of magnetie domain wall configurations by grain boundaries in 
fully ordered Ni,Mn. 


Another interesting aspect of this figure is the hole at A which was formed. 
during electrothinning and to which a 180° wall is seen to be affixed. The 
insert at the upper right-hand corner of the figure shows this scito at 
twice the magnification indicated at the bottom of the figure. In order 
to reduce the number of free magnetic poles on the periphery oi the hole, 
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a pair of triangular closure domains have formed around it, exactly as first 
deduced theoretically by Néel (1946). In contrast to a large-angle grain 
boundary, a coherent twin boundary separates two portions of a crystal 
with a very definite relationship to one another. Such a twin lamella is 
shown in fig. 10 outlined by the boundaries AB and A’B’. The normal to 


both the twin and matrix is [101], leaving only one easy (100) direction 


Fig. 10 


6p 


Under-focused micrograph obtained from Ni;Mn foil which was annealed 
for 10 hours at 400°c, showing intersection of magnetic domain walls 
with twin lamella. Directions of magnetization on both sides of twin 


make equal angles of 35° 16’ with twin bou twin 
and matrix is [101 J ndary. Normal to both tw: 


a 
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The domain walls are thus of the 180° type. 


With this configuration, the magnetization vectors make equal angles of 


35° 16! with the twin boundary and thus, unlike the large-angle boundary, 


no free poles are formed at the coherent twin boundary in fig. 10. Also, 


since the magnetization changes direction across the twin boundary, it 
can also be thought of as a 70° 32’ domain wall which, because of the 
absence of free poles on its surface, is of relatively low energy. 

A final micrograph illustrating the pronounced effect of the magrctostatia 


f Dam 
a iwin 


energy in altering the domain wall configuration in the vicinity c* 


a 


lying in the plane of the foil. 


Fig. 11 
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Fig. 11 (continued) 


(2) 


(a) Under-focused micrograph obtained from a Ni,Mn foil which had been 
annealed for 1000 hours at 425°c. Unlike the case in fig. 10, the magnet- 
ization directions in both the nearly vertical twin lamella and in the 
matrix make unequal angles with the twin boundary, which in turn 
greatly alters the magnetic domain wall geometry in the vicinity of the 
boundary. (b) Tracing obtained from fig. 11 (a) which shows more 
clearly the modification of the domain wall geometry in the vicinity of 
the grain boundary. 


boundary with different orientation than that shown in fig. 10 is shown in 
fig. 11 (a). Because of the very weak contrast exhibited by many of these 
boundaries, the tracing shown in fig. 11(6) was made illustrating the 
highlights of fig. 11 (a), where AB and A'B’ outline the twin lamella. The 
direction of magnetization within the twin lies along the easy + [100] 
directions, whereas in the matrix, the magnetization lies along the + [010] 
directions. Since the twin boundary represents the dividing line between 
differently oriented spin directions, it can also be looked upon as & domain 
wall. However, if the domain wall were to remain in the twin boundary 
it would contain free poles, since the directions of magnetization within the 
grains on opposite sides of the grain boundary make unequal angles with 
the boundary. In order to eliminate or at least minimize these poles, 
segments of the domain wall such as DE in fig. 11 (b) rotate out of the plane 
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of the twin boundary so as to make nearly equal angles with the directions 
of magnetization in adjacent grains. Since the change m the direction 
across these walls is 40°, they can be thought of as 40 domain walls. 
Their weaker contrast compared to 180° walls arises from. the smaller 
divergence or convergence of the transmitted electrons at the wall. The 
increase in anisotropy energy resulting from the fact that the direct ions of 
| magnetization must be forced out of their easy directions between tho twin 
| boundary and the plane of the domain wall is more than offsc t by the 
| accompanying decrease in magnetostatic energy. Note also in fig. il (2) 
that short segments of domain wall CD are also formed which mac equal 
| angles with the directions of magnetization in the twin and the 22;2cen$ 
matrix grain in order further to reduce the magnetostatic energy. 


3.4. Variation of Remanence with Atomic Order 


In order to gain further insight into the nature of the magnetic structure 
associated with the various configurations of order, measurements were 
made of the remanent magnetization induced by a field of 100 oersteds. 
Since at room temperature many of the weakly ordered alloys are only 
paramagnetic, giving in turn zero remanence, it was decided to make all 
measurements at the convenient and constant temperature of —196°c, 
where even the disordered alloys show some ferromagnetism. The 
resulting remanence values J, obtained from specimens which are very 


close to equilibrium for the temperatures indicated are shown by the solid 
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All of the Temanenco measurements were obtained at —196°c, following an 
oo (ocean at the temperatures indicated, which was sufficiently 
g In near equilibrium configurations of order. 
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circles in fig. 12. As would be generally expected, the remanence increases 
monotonically with increasing order, since the magnetization is also 
increasing strongly. The remanence is shown to be constant below 400°c, 
in accordance with the neutron diffraction measurements made by Marcin- 
kowski and Brown (1961), which show that the ordering transformation is 
te below this temperature. For this reason, a much more sensitive 
ure of the magnetic structure is the remanence ratio p/p, which has 
ore been plotted in fig. 12 as open circles. This parameter can be 
loch.cd upon as a measure of the amount of net anti-parallel spin rotation 
whica occurs upon removal of the applied field, either by individual atomic 
spits or by domain formation. 

From $3.2 it was seen that even in the very weakly ordered condition, 
faint magnetic domain walls could be observed. On this basisit is concluded 
that the disordered alloy at — 196?c should also contain magnetic domains. 
The net magnetization within these domains however is small because of 
the large number of anti-ferromagnetically coupled and paramagnetic Mn 
spins. A sufficiently strong applied field will eliminate the domain walls 
and in addition might be expected to align some of the more weakly 
coupled anti-parallel Mn spins in the direction of the applied field. A 
similar alignment may also occur with some of the paramagnetic Mn 
moments. Thenet effect of this behaviour is that the spontaneous magneti- 
zation in the presence of an applied field [, is higher than when the field is 
removed. It is this fact alone which probably accounts for the low value 
of I,/I, associated with the Ni,Mn alloy. As the temperature decreases 
towards Te, the degree of short-range order increases, which in turn 
decreases the number of anti-ferromagnetically coupled Mn atoms. 
Since there are less Mn spins which the applied field can uncouple, the 
remanence-ratio increases until it reaches a value of 0:69 at 475°C, Le. 
approximately T';4. The assumption is further made that for those states 
of order quenched in from above Te“, the net magnetization within each 
grain of the specimen rotates back into its easy direction, making the smal- 
lest angle with the direction of the applied field. According to Gans 
(1932), for cubic polycrystalline specimens with positive anisotropy 
constant K, such as is the case for Ni,Mn, and in which the grains are 
oriented at random, 73/7, 0:83. Because of the presence of substantial 
numbers of field sensitive anti-ferromagnetically coupled Mn spins, 
however, this value is never reached. 

Below T';* highly ordered and thus strongly magnetic rods begin to 
form in the weakly ordered and therefore weakly magnetic matrix. The 
nature of the magnetic domain structure for this configuration of order is 
difficult to ascertain; however, in general, one may assume that strong 
demagnetizing fields are associated with the highly ordered rods, which in 
turn favour the formation of spikes and superficial domains of flux closure 
of the type discussed by Dijkstra (1953). The value of T/T, finally decrea- 
ses to about 0-55 after complete order is attained. This value of 0:55 again 
is below that of 0-83, presumably because of the formation of spikes and 
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superficial domains at the grain boundaries in order to reduce the number 
of free magnetic poles. : : ; 
Figure 13 shows the manner in which the remanence ratio varies with 
time for three different ordering temperatures. In general, the value of 
Ig|Ig increases continuously, this increase being due primarily to the 
decrease in the number of anti-parallel Mn atom spins for the same reasons 
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Remanence at —196°c, following an ordering anneal. 


discussed above. The most interesting curve in fig. 13 is that associated 
with the 425°c anneal, which reaches a maximum value of 0-85 after about 
20hours. Since this value is very close to that predicted by Gans (1932), it 
may be assumed that each grain consists of a single magnetic domain 
whose magnetization is oriented along a (100) direction closest to the 
previously applied field. With increasing time, the degree of order, and 
thus the magnetization within each grain, increases. The stray fields at 
the grain boundaries consequently become more intense, resulting in the 
nucleation of spikes and closure domains so that Ip/T i fig 13 begi 

to decrease until it reaches its equilibrium value of aoa 0-55. Fa 


§ 4. SUMMARY AND CONCLUSIONS 
By using transmission electron 
of Ni,Mn electrochemically thinned 
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three (100) directions very similar to that observed in the Alnico V structure. 
Whereas the matrix contains only short-range order and is thus non- 
magnetic at the temperature of observation in the electron microscope, i.e. 
roughly ambient temperature, the long-range ordered rods are highly 
magnetic and are judged each to consist of a single magnetic domain. The 
contrast mechanism by which these rods are revealed by transmission 
c;otron microscopy is believed to be associated with a difference in thickness 
-syween the matrix and the ordered rods, arising from their different 
»tropolishing behaviour. No magnetic domain walls were ever observed 
“iis possessing these intermediate configurations of order in accordance 
she isolated single domain particle model. 

“ne fully ordered alloys, on the other hand, exhibit no mosaic structure 
and, in addition, show strong magnetic domain wall contrast, as would be 
expected from a homogeneously ordered alloy. ‘The contrast mechanism 
by which these magnetic domain walls can be observed is satisfactorily 
interpreted in terms of a Lorentz force on the electron and has been verified 
in detail experimentally. Diffraction contrast effects have not been 
observed to play any part in the domain wall contrast. 

During the relaxation from complete disorder to perfect long-range 
order at low temperatures, the order is observed to increase homogeneously 
with time along with the magnetic Curie temperature. The magneti- 
zation-temperature curves associated with these various ordering times 
show long tails which grow shorter as the order becomes more perfect. 
The present observations show that magnetic domains are clearly present 
at temperatures well within these tails, verifying that long-range magnetic 
spin order is present. Since these domain walls are observed about 75°C 
above the Curie temperature obtained by extrapolation techniques, it is 
concluded that the extrapolation techniques do not give an accurate picture 
of the true Curie temperature in the present alloy. These results have 
been discussed in detail in terms of a model which assumes that a specific 
Curie temperature can be associated with each atom spin depending on the 
nature of the atoms in its immediate vicinity. 

A number of observations have also been made, showing that grain 
and twin boundaries lead to quite complicated arrangements of the 
magnetic domain configurations, depending on the relative orientation of 
magnetic spins on both sides of the boundary with the boundary itself. 
The magnetic domain walls are concluded to be chiefly of the Bloch type. 
The remanence measurements, which constitute the final phase of this 
investigation, are in agreement with the above conclusions. 
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Two-particle Tunnelling between Superconductors 


By C. J. ADKINS 
Cavendish Laboratory, Cambridge 


[Received 1 May 1963] 


ABSTRACT 


Excess currents have been observed in electron tunnelling between super- 
conductors which cannot be explained on a model assuming the tunnelling of 
single particles. They take the form of a current step at applied voltages equal 
to half the energy gap of either superconductor, followed by an exponential- 
like rise in current. The size of the step varies greatly between samples and 
is sometimes too small to detect, but it is typically 10-* of the current in the 
normal state at the same voltage. 'The excess currents are attributed to 
processes in which two particles tunnel simultaneously through the insulating 
barrier (Schrieffer and Wilkins 1963). The conditions for the occurrence of 
the various tunnelling processes are examined, and higher-order processes are 
diseussed. 


$1. INTRODUCTION 


ErrcrROX tunnelling between superconductors has been used to study the 
electronic structure of the superconducting state, and an adequate explan- 
ation of the general features of tunnelling characteristics has been given in 
terms of the tunnelling of single electrons through the potential barrier 
(e.g. Giaever and Megerle 1961). During careful measurements of tunnel- 
ling between two superconductors we have observed excess currents which 
cannot be explained on a model assuming the tunnelling of single particles. 
Similar deviations have recently been reported by Taylor and Burstein 
(1963), and Schrieffer and Wilkins (1963) have suggested an explanation 
involving the simultaneous tunnelling of two electrons through the insula- 
ting barrier. Ourinvestigations of these excess currents suggest that their 
explanation is correct. Itis the purpose of this paper to report our experi- 
ments and to discuss the conditions for the occurrence of the various kinds 


of tunnelling. 


$2. EXPERIMENTAL DETAILS 
Tunnelling sandwiches were prepared by vacuum evaporation of thin 


films on a glass substrate. The insulating barrier was formed by the oxid- 


ation of about 20À of aluminium which were evaporated on the top of the 
film of the first superconductor. After oxidation of the aluminium, the 
second superconductor was evaporated across the first film in the conven- 
tional manner (Fisher and Giaever 1961). Junction characteristics were 


plotted directly by use of an X-Y recorder. Figures 1-4 are reproductions 
of typical records. 
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§ 3. EXPERMENTAL RESULTS 


Tf tunnelling takes place between two superconductors at a temperature 
low compared with their superconducting transitions, the single-particle 
tunnelling process is characterized by a sharp rise in current at an applied 
voltage, V = e, + e, where 2e, and 2e are the energy gaps of the two super- 
conductors. The excess currents which we have observed consist of a 
current step at voltages of V = + eand V = + e, followed by an exponential- 
like rise in current. 

Figure 1 shows excess currents observed in a Pb-Al,0,—Pb ju:-^3on s$ 
1-2?k. The four traces were made separately at different vertical exe ;asions. 


Fig. 1 


I 


arbitrary 
units 


Cp, 2€p, 


The current due to two-particle tunnelling in a Pb-AI,0. 


—Pb A .1° 
The four records are made at different vertic 1 DD UE 


al expansions. 


The exponential-like rise in curr p i 

when the single particle process de ED onere m 
Figure 2 shows the effect in a Sn-AI : 

currents commence at V= 

ance region at V= Ep, 


sequent rise is cut off by the negative res; i 

: gative resistance re ; 
the current continues to rise until the onset of the e add 
V=e.,+€p,- The two -parti i 
Sn-A1;0,-Pb samples due to th 


205-Pb junction. 
Esn (just below the start 
— eg) and at V= ey. 


Here, the excess 
of the negative resist- 
In the first case, the sub- 


= Ebh» 
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step at V= ey, -- €pp as explained later. For these reasons, the detailed 
investigations of the excess currents were made in Pb-A1,0;—Pb films. 

In Pb-ALO,-Pb specimens, the current step at V= ey, has a similar 
width to that at V=2e,, (about 120 uV), suggesting that convolutions of 
similar, sharply peaked densities of states functions are involved in both 

-ocesses. Further, at low temperatures, the size of the excess currents is 
Jopendent of temperature, being superimposed on the temperature- 


C«ondent current due to thermally excited electrons. This is illustrated 
in cig. 3. The current for V < ep, is strictly exponentially dependent on 
Fig. 2 

I 
arbitrary 
units 


Eg, Epp Esn Ebb Pb “Sn 


Two-particle tunnelling in a Sn-Al,0,-Pb sandwich at 1-l?k. There is evidence 
of excess current at V= esn, below the start of the negative resistance 
region at V= epy- €sn ; and there is a broad current step at V= epp 
followed by the exponential-like rise in current. Here currents due to 
thermally excited electrons tend to obscure the two-particle process. 
The separation of the traces near the origin is due to a time constant in 
the circuitry. 


temperature, and corresponds to tunnelling of thermally excited electrons 
only. At higher temperatures this current predominates at all voltages, 
and the two-particle process becomes obscured. 

The size of the current step at V = ey, is very variable from one specimen 
to another. ‘The extremes which we have measured are 10-? and 1-6 x 10-4 
of the current which would flow through the same junction at the same 
voltage in the normal state. In some cases the rise was undetectable and 
the amount of two-particle tunnelling must have been very much smaller. 
The table compares some of the samples for which data are available. Tt 
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seem probable that the excess currents are always present, but that Den is 
a great variability in their relative size. We have found such variabi y 
to be present even between junctions formed at the same time under 
apparently identical conditions. 


Fig. 3 


I arbitrary units 


Ep 2€ 


Pb 


Tunnelling in a Pb-Pb junction showing the temperature independence of the 


two-particle contribution. Currents below V= ep) are due to thermally 
excited electrons only. 


Details of some of the Pb-Pb samples for which two-particle tunnelling 
data are available 


Approximate | Resistance in 


4 c Ratio of normal 

Sample Junction area | normal state current at V= epp 
(mm?) (ohms) to height of current step 

Taylor and 

Boston — 4 40000} 
6/1 0-37 360 6200 
6/1 aged 0-37 1700 5100 

15/5 1-76 4200 2700 

16/3 0:25 17000 1080 

16/4 0-23 22000 > 12000 

16/5 0-29 24000 > 9000 

16/2 0-26 87000 > 2600 


T The sample quoted in th 


€ eir published results. 
variation between their specim 


There was very great 
ens. 
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$4. DISCUSSION 


The temperature independence of the current step rules out processes 
involving thermally excited electrons or thermally assisted processes. At 
fivst sight, the observed effects might seem consistent with there being very 
mall regions of the films where the material on one side of the barrier is 
normal. Surrounding such regions, the effective energy gap would 
dually return to its normal value within distances of the order of a 
nce length. Thus the current step would correspond to tunnelling 
een the superconductor on one side and the normal regions on the other, 
the subsequent rise would be due to the contributions from the sur- 
ng region in which the effective energy gap returns to its full value. 
c could not, however, allow normal material to face normal material 
ss the barrier, for this would give excess currents at V < e. 

lixperimentally, the results do not favour this interpretation, for the 
width of the current step is independent of temperature, and, in any case, 
it is considerably less than T (see fig. 3). This could not be so if the 
currents were due to normal material. Nevertheless, in searching for an 
explanation of the excess currents, several mechanisms which might give 
rise to normal regions were considered. 


4.1. Trapped Flux 


It might be expected that any flux trapped in the films during the transi- 
tion to the superconducting state would be distributed among many very 
small regions in such a way as to produce a finely divided intermediate state 
similar to that proposed for the hard superconductors (Abrikosov 1957). 
Geometrically the films would encourage a fine division of the flux, although 
when the flux crossed the insulating barrier from one superconductor to the 
other it would not seem likely that the effects of the normal regions should 
not overlap. However, the excess currents were compared in a set of 
experiments in which the same specimen was made superconducting in 
various magnetic fields. No significant change was observed in the excess 
currents until the magnetic field during the transition to the superconduct- 
ing state was about four times the earth’s field. Additional currents were 
then observed which rose smoothly from somewhat below V= ep, and 
swamped the current step at V= ep, the total current at V= ey, being 
increased by nearly an order of magnitude (fig. 4). The effect of the trapped 
flux is similar to that noted earlier by Giaever and Megerle (1961). Doubt- 
less, the detailed distribution of the flux trapped in the films is determined 
by the thickness and structure of the films ; but it is significant that for 
these fields there is not yet any great increase in current for V Š Epp 
indicating that the flux is contained in very small regions of the films and 
that in passing through the insulating barrier sufficient sideways deviation 


occurs to prevent much tunnelling between normal regions of one film and 
normal regions of the other. 
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The fact that flux trapped from a field of only 0-7 oersteds obscures 
the two-particle process in Pb-Pb specimens suggests that if no steps are 
taken to neutralize the earth's field when a specimen of a lower transition 
temperature becomes superconducting, the two-particle process could easily 
beobseured. In the eases of tin and aluminium, for instance, to ensure that 
the current step should be easily visible, the magnetic field during the transi- 
tion would have to be reduced below about 0-2 and 0-07oersteds respectively. 
This may account for the failure of Taylor and Burstein (1963) to c^tect the 


two-particle process in their Al-Al specimen where they found a smooth rise 
in current from well below V=«,,. Similarly, this may be a cort»utozy 
cause of the poor definition of the current step as V = e;, in our Sn—4: O,-F b 
sample (fig. 2). 
Tig. 4 
T5 
| I 
{8 eA 


Ep, 2€ 


Pb 


“ree eee gt 2: Pb-AlO;-Pb junction with a small amount 
in a field of Bou m ne ); at he specimen was made superconducting 
an order of magnitude 1 tsteds (4776). The current at V= cpp iS nearly 
WOES. e E uce bigger than that in the absence of trap ped flux 

Step is obscured, and the current rises from V d The 
D. v 


sep. ] of the t aces nea e origin is due e sta 
separation of th T ear th [0 1 t he 
g 5 Que to a time constant in t 


However, these experiments v. 


erifi : 
the result of trapped flux, rified that the excess eur 


rents were not 


4.2. Impurities 


If magnetic impurity atoms w i 
i | t rere present in the films, they mi I "Oy 
ud uper dnd Biate locally, and produce A. ee 
ive energy gap gradually returned to its full ane Not 
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only would this require an unreasonably high concentration of such 
impurities ( > 0:195) but normal regions so produced would again be subject 
to thermal broadening, which is not observed. Such an explanation seems 
unacceptable. 

4.3. Edge Effects 


The possibility of the excess currents being associated with some effect 
55 the edge of the film was investigated by making films of different areas. 
1o correlation between the size of the excess currents and the ratio of the 

ge length to area of the films was found. 


§ 5. Tae Two-PARTICLE TUNNELLING PROCESS 


“She fundamental process suggested by Schrieffer and Wilkins (1963) 
sausfies the experimental results. We illustrate the various tunnelling 


Fig. 5 
semiconductor electron excitation 
representation representation 
WNN 
continuum y H, 


termi level ground 
a Cac AN state e 


LN M continuum 


fermi level ground Ə 
b -2ean state 


! li 
ER c 


YM 


@ electron O hole —QO- condensed pair 


Illustration of the equivalence of the semiconductor and electron excitation 
diagrams in describing (a) the extraction of an electron from the * full 
band ’, and (b) the injection of an electron into a * hole’ in the full band. 


It may be seen that the semiconductor representation fails to describe 
fully the processes taking place. 
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processes, not by the conventional ‘semiconductor ' type of diagram, but by 
a representation which displays more directly the processes taking plate. 
Plotting energy vertically, we show the superconducting ground state and 
the lower limit of the continuum of energies which uncondensed electrons 
may take. ‘Thus the lines are separated by e, and the removal of a pair of 
superconducting electrons from the condensation places two electrons in the 
continuum with a minimum expenditure of energy of 2e. The ground state 
forms an infinite reservoir into which pairs of electrons may be placed c: 
from which pairs of electrons may be removed. 
Figure 5 illustrates the equivalence of the semiconductor and 'elect:« 
| excitation’ types of diagram for processes involving (a) the removal <? 
| electrons from the ‘full band’, and (b) injection of electrons into ‘holes’ in 
| the full band. The electron excitation representation makes it clear that 
| in process (4) a pair must be broken, and an unpaired electron left in the 
superconductor, and in process (b) it shows how the concept of ‘holes’ is ; t 
identical to declaring the presence of uncondensed electrons, injection of an 
electron into a hole in the filled band being a process in which the injected 


electron pairs with an uncondensed electron and condenses into the ground 
state. 


In fig. 6 we show the conditions under which, single-particle, two- particle 
and Josephson tunnelling take place. (The latter, which was predicted 
by Josephson (1962), has recently been observed by Anderson and Rowell 
(1963).) At low temperatures, the essentials of the three processes are : 


/ (a) Single-particle Tunnelling 
One particle is transferred across the barrier. 

condensed state of one superconductor 

other. One pair is removed from th 

conductor so that the process starts 


It originates in the | 
and finishes in an excited state in the | 


e condensed state in the first super- | 
at V —e,-4 ey. | 


(b) Two-particle Tunnelling | 

Two particles are transferred across the barrier 

| pair either in the initial state or in the fin i 
processes which start at V= te, two e 

superconductor A for both polarities. T 

in 6C and D are similar, both being deter 

and the density of accessible States ins 


They form a condensed. | 
al state. For the two -particle | 
xcited electrons are produced in 

hus the two processes represented. | 


mined by the tunnellin Drobabili 
uperconductor A. g probability 


k ; (c) Josephson Tunnelling | 
wo particles are transferred across the barrier 


and final states they form cond, » and in both initial | 


ensed pair: ; 3 
P = 0oy, pairs. Energy conservation permits j 
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zm m partiele process the Increase in current whi 
rises above e, results from the increas; Which occurs as 
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Fig. 6 
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| The low edu. tunnelling processes between two superconductors, 
| A and B. 


A: One particle tunnelling. Current commences at V — e + ep: 
B: Josephson tunnelling. Energy conservation permits only V=0. 
The two-particle tunnelling processes which commence atte V=, are shown 
| for : 
| C: V= + e, (at the current step). 
D: V=- e, (at the current step). 
| E: V>+e,. 
F: V«—e,. 
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become occupied by thermally excited electrons, and only then does the 
process become temperature -dependent. ; 
The probability for the two-particle process involves the square of | 

the tunnelling probability for a single particle (Schrieffer and Wilkins 1 963). 

Thus it is surprising to find such a large contribution from the two-particle 
tunnelling, especially in our high resistance specimens. However, as 

Schrieffer and Wilkins point out, if one assumes the existence of thin areas in 

the insulating barrier, the contributions from the two-particle process rəd 

not become extremely small. The assertion that such thin regions are 17e- 

sent is supported by the great variability of the two-particle contribu’ on. 
Furthermore, it also suggests an explanation for the high proportio: at 
two-particle tunnelling in our specimens in which the barrier was formes. oy 

the oxidation of a thin evaporated film of aluminium, where considerante 

variation in thickness might be expected. It is quite possible that in our | 
specimens with a very high resistance the greater part of the tunnelling may ! 
have been through a few, very small regions where the barrier was extremely 
thin. This would explain the tendency for an increase in the proportion of 
two particle tunnelling in our higher resistance specimens. 


$6. HIGHER-ORDER PROCESSES 
Processes of order higher than two must also be present, although they 
become more difficult to detect because of their correspondingly smaller 
size. One such process, illustrated in fig. 7, involves the tunnelling of 
three particles. In this case the excess current is determined by similar 
Fig. 7 
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f4:oroplasma Breakdown at Stair-rod Dislocations in Silicon 


By H. J. QUEISSER and A. GoETZBERGER 


Shockley Laboratory, Clevite "Transistor, 
Palo Alto, California, U.S.A. 


[Received 26 February 1963] 


"TH stacking faults in epitaxial silicon have recently been studied by 
| authors (e.g. Queisser et al. 1962, Schwuttke 1962, Booker and 
Stickler 1962, Charig et al. 1962, Finch et al. 1963). The faults form 
ribbons or closed figures ; they always lie in (111)-planes. The closed 
figures appear as equilateral triangles if the substrate surface is a (111)- 
plane. The triangles are intersections of the surface and tetrahedra, 
which have one apex at the interface between substrate and epitaxially 
deposited film. The edges of a tetrahedron represent kinks of the 
stacking fault from one (111)-plane into another one; they are thus 
* stair-rod ’-partial dislocations (Thompson 1953). 

In this communication we wish to report microplasma observations on 
diffused p-n junctions in faulted epitaxial silicon. Stair-rod-dislocations 
are found to cause preferential microplasma breakdown. Microplasmas 
are sites of localized electrical breakdown] in reverse biased junctions. 
It has been conjectured by Shockley (1960) that they originate from field. 
enhancement caused by dielectric precipitates, such as SiO,. Because 
dislocations act as nucleation sites for precipitates, the probability of 
finding microplasmas at dislocations is higher than in undisturbed material. 
Microplasmas have indeed been found on perfect dislocations by a number 
of authors (Chynoweth and Pearson 1958, Goetzberger and Stephens 1961, 
Goetzberger, as interpreted by Queisser 1961). 

The material for our investigations was prepared as follows. Slices 
of boron-doped (10-? ohm em) silicon single crystals of (111)-orientation 
were used as substrates for epitaxial deposition. These slices were 
polished, then oxidized by boiling in water. This oxidation of the sub- 
strate leads to a formation of stacking faults in the epitaxial film (Finch 
et al. 1963). Care was taken to avoid excessive etching of the oxide, 
which could take place during the heating in hydrogen that normally 
precedes the silicon deposition. 

The epitaxial films were deposited by decomposition of SiCl, in a hydro- 
gen atmosphere at approximately 1250°c (see, for example, Theuerer 1961). 
Layer thicknesses were of the order of 30 microns. The average resistivity 


For a detailed publication on breakdown in p-n junction f 
Shockley (1960). p=] 5, see, for example, 
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of the layers was approximately 1 ohm em p-type. Doping was achieved 

by admixing BCl,. After the slices were electropolished, p-n junctions 
$ were fabricated by phosphorus diffusion. A planar guard-ring structure 
(Goetzberger et al. 1963) was chosen to avoid surface effects. An n-type 
guard-ring was diffused first into the material, yielding a junction depth of 
10 microns. A short diffusion followed, employing a higher surface 
concentration of phosphorus. This gave a junction depth of only 0-6 
microns inside the guard. The structure has the desired features : ihe 
guard-ring breaks down at a much higher reverse bias than does the 
interior, which is to be studied. 


I— 


eon 


$ : 
4 Guard-ring n-p diode of epitaxial silicon showi 


g. i f ng microplasma breakd b 
stair-rod dislocations. Annular structure is onli the Ag e UNT 


ring. Shadow is caused b i 

i J y the contact wire. The tri 

ribbor lie ne are stacking faults; the bright sie E 
e light emitted from the microplasmas in the reverse biased 


shallow p-n junction. i inati 
Cm um L a mu external illumination superimposed to 


Such p-n junction diod 


applet sees Dis tO es showed microplasma breakdown when the 


sufficiently high (about 30 v for the diodes 
l and 2 give typical examples. The micro- 
ots of light emission. These spots are clearly 


thers and intersections, and to end points of 


Thus it is seen that th i i 
soc. . I0 18 Seen that the stair-rod di i 
Ec 1 dislocations 
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Many triangle corners exhibit more than one light spot (e.g. location A 
in fig. 1), indicating several dislocations. This is in agreement with the 
electron-mierographs (Finch et al. 1963) which revealed a strong tendency 
for forming several closely spaced parallel faults with ‘ bundles’ of 
dislocssions. 


I—3À 
20u 


Another example of microplasma breakdown at stacking faults. Different 
illumination technique is used. Not all stair-rod dislocations cause 


microplasmas. 


Figure 2 shows that not all stair-rod dislocations initiate microplasmas 
(e.g. location B in fig. 2). The preferential breakdown seems to be caused 
indirectly. It is thought that stair-rod dislocations just like perfect dislo- 
cations, act as nucleation centres for precipitates of, for example, SiO. 

The electrical characteristics of diodes containing stacking faults had a 
tendency of being very ‘soft’. It has been shown by Goetzberger and 
Shockley (1960) that ‘softness’ can be caused by metal precipitates. 
Thus stair-rod dislocations also seem to favour nucleation of metallic 


precipitates. 
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A Hardening Effect Associated with Stage III Recovery in 
Neutron Irradiated Molybdenum 


By A. S. Wronsxrt and A. A. Jonnsont 
Metallurgy Department, Imperial College, London, S.W.7 


[Received 14 March 1963] 


't has been reported that when irradiated molybdenum is annealed in the 
tezaperature range 200° to 500?c both the yield stress and ductile—brittle 
transition temperature increase (Makin and Gillies 1958, Johnson e£ al. 
1962). These effects, which have become known as ‘thermal hardening’ 
and ‘thermal hardening embrittlement’ respectively, have generally been 
assumed to be associated with stage III recovery, which occurs in molyb- 
denum at about 160?c (e.g. Peacock and Johnson 1963). In order to 
clarify this possible relationship it was decided to measure the effects of 
annealing at a series of temperatures on the room temperature tensile 
properties of some irradiated specimens. 

A batch of 27 polycrystalline tensile specimens of average grain diameter 
75 u was irradiated at a temperature of about 40°c to an epithermal neutron 
dose of approximately 2 x 1018n.v.t. The method of preparing the speci- 
mens and the technique used for carrying out the irradiations were similar 
to those described in earlier communications (Johnson 1959, 1960, Wronski 
and Johnson 1962a,b). ‘The irradiated specimens were divided into nine 
groups of three, and eight of these groups were annealed for one hour at 
temperatures of 100°, 180°, 260°, 350°, 500°, 610°, 705° and 820°c respec- 
tively. A group of unirradiated specimens, the eight groups of irradiated 
and annealed specimens, and the remaining group of irradiated but un- 
annealed specimens were then all tested at room temperature in a modified 
Hounsfield tensometer at a strain rate of 0-9 x 10sec. 

A load-elongation curve typical of those obtained for the unirradiated 
specimens is shown in fig. 1 (a). The yield point is followed by a region of 
rapid work-hardening, and fracture, which occurs after about 35% strain, 
is preceded by necking. Figure 1 (b) shows a load—-elongation curve for an 
irradiated but unannealed specimen. The effect of the irradiation has 
been to increase the yield stress without significantly altering the rest of 
the curve. 

The annealing of irradiated specimens at 100°c had no effect on the load- 
elongation curve, but annealing at 180°c produced an increase in the yield 
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stress (fig. 1(c)). An even greater increase was produced by annealing a 
260°, 350° and 500°c, and for these temperatures there was also a small 
increase in the ultimate tensile strength (fig. 1 (d)). Further increases in 
the annealing temperature caused recovery of the hardening and for the 
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highest temperature used, i.e. 820°c, the recovery was apparently complete 
since the annealed specimens had properties similar to those of unirradiated 
specimens (fig. 1 (e)-(/)). 

The lower yield stress and ultimate tensile strength were taken from each 
of the !ond-elongation curves and average values of these were calculated 
for cach of the ten groups of specimens. These average values are shown 
in fig. 2, where they are plotted as functions of the annealing temperature. 
The :«ulis for the unannealed specimens are plotted as though their 
ann^-iogtemperature was 20?c. Ther.m.s. deviations from these average 
valu e were calculated and were found to range from +0-3to + 2-4 kg mm-? 
for t^e yield stresses and from +0-3 to X 1:7kgmm-? for the ultimate 
sie strengths. 

"The sharp increase in yield stress with increasing annealing temperature 
shown in fig. 2 starts at approximately the same temperature as that for 
stage III recovery. This is therefore fairly strong evidence that the two 
effects are related. Our present interpretation of stage III recovery is that 
it is due to the diffusion of lattice vacancies created by the irradiation to 
sinks where they are either annihilated or attain a state of lower energy. 
For lightly irradiated and relatively impure specimens such as were used in 
this work the dominant mechanism is probably the diffusion of vacancies 
to interstitial impurity atoms where they are trapped (Peacock and 
Johnson 1963). This process results in a reduction in the strain energy of 
the lattice and hence it is difficult to see how it could produce a hardening 
effect. Other vacancy trapping or annihilation mechanisms may of 
course occur as well, and it is possible that one of these may be responsible 
for the hardening. In interpreting their results Makin and Gillies (1958) 
suggested that some of the vacancies condense onto dislocation lines, thus 
making it more difficult for the dislocations to operate as sources. Another 
possibility, which has been suggested as a hardening mechanism in other 
irradiated metals, is that small vacancy clusters are formed which cause an 
increase in the lattice friction stress. tis known from some recent electron 
microscope studies, however, that, if such clusters are formed, they must be 
less than about 25 å in diameter (Kerridge et al. 1962). 

Tt has been suggested (Johnson 1962) that, under some circumstances, itis 
possible to distinguish between source hardening and lattice friction harden- 
ing by examining the effect of the hardening on the shape of the load- 
elongation curve of the metal. If the effect is to increase the yield stress 
without altering the rest of the curve significantly, this probably means that 
some type of source hardening is operating. If, on the other hand, the 
effect is to raise the whole curve by a constant stress increment, without 
otherwise altering its shape, this is probably to be interpreted as due to an 
increase in the lattice friction stress. The hardening effect in question does 
not fit either of these cases exactly since there is both a large increase in 
yield stress and a smaller upward shift in the whole curve. This could, 
however, mean that the principal hardening mechanism is source hardening, 
but that there is also a smaller effect due to an increase in the lattice friction. 
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Thus in terms of atomic mechanisms the hardening may be due mainly to 
the condensation of vacancies onto dislocations and to a lesser extent to the 
presence of small vacancy clusters. This interpretation must, however, be 
regarded as tentative since it is open to several objections. Perhaps the 
most important of these is that the lattice friction stress may change 
during deformation as the vacancy clusters, or any other defects that are 
present, are mopped up by moving dislocations. 
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Efect of Electron-Electron Scattering on the Electrical 
and Thermal Conductivity of Metals 


By Joacum APPEL 


John Jay Hopkins Laboratory for Pure and Applied Science, 
General Atomie Division of General Dynamies Corporation, 
San Diego, California 


[Received 15 January 1963, and in final form 4 April 1963] 


Ix this note we wish to consider the influence of interelectronic scattering 
processes on the electrical and thermal conductivity of metals for two simple 
Cases : 


(a) one unfilled parabolic band; and 


(b) two unfilled parabolic bands; one s-band and one inverted d-band 
(Mott’s two-band model). 


The first case corresponds to an alkali metal such as sodium; the second 
corresponds to a transition metal. With the assumption of plane wave 
states as stationary states of electric charge carriers, electron-electron 
collisions can be incorporated in an accurate fashion in the theory of trans- 
port phenomena by applying Kohler’s variation principle, provided one 
knows the dynamical interaction between charge carriers (scattering cross 
section). Our poor knowledge concerning this interaction presents one 
pertinent obstacle to an accurate evaluation of the influence of electron- 
electron collisions on the transport coefficients. In particular, we do not 
know the dielectric screening of the Coulomb interaction between a pair 
of charge carriersina metal. Because of this difficulty we have calculated, 
in the lowest approximation, the electrical and thermal conductivity of 
nearly free charge carriers, assuming a total scattering cross section or an 
average collision time for interelectronic collisions (Baber 1936, Landsberg 
1949, Abrahams 1954, Ginzburg and Silin 1955). 

For the first case mentioned, that of one unfilled parabolic band, the 
conduction electrons are considered as independent quasi-particles 
with charge —e and effective mass me. The effect of the lattice and of 
electron-electron interactions on the single-particle plane-wave states 
is accounted for only roughly by an appropriate choice of me. To account 
for electron-electron scattering in the kinetic equation for conduction 
electrons, we introduce as a parameter the total scattering cross section 
Qee, and define the collision time 


els = ee , where lee = (kT) 


Tee — lee NeQeel2” cre um 
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The velocity vee is an average relative velocity for pairs of conduction 
electrons. With eqn. (1), the collision operator for electron-electron 
scattering, which is defined in an earlier paper (eqn. (31), Appel 1961), 
can be approximately written as: 
n i= , 

Leoln")= a (3) where 7= = Freee (m) 
instead of being written as an intergral containing the differential scattering 
erosssection. The zero-order approximation of the electrical conductivity 
denoted as c in the following, is not affected by electron-electron scatter 
therefore we have calculated the second order approximation o®. Assy 
ing electron-phonon scattering as the primary scattering source, one f. 


co (F\? 
3, 


o®=0 + Em x E = 
im m*o EEEO A F. l 
iN J 9 Saf PEO ENN Soa fe 
5 ( n ae) t10F,'  DAT)8 A FJ 3\" 
(3) 


with the usual definition of the Fermi-Dirac integrals 7,— F,(0/T) and 
of the constant D (Wilson 1953). The heat conductivity is affected in its 
zero-order approximation when interelectronie scattering is considered ; 
for this approximation one obtains : 


D (TN 272 1F 
I+>(5))—-- 53 
pros sz] 


mE me im «cs ED 
+ =(— —{1+ eh, Een 
NO 3 n&*reo] 3 7 


where « denotes the zero-order approximation of the thermal conductivity 

neglecting electron-electron scattering. With eqns. (3) and (4), one finds 

for that temperature where the collision time Tee i$ comparable to the 
relaxation time zpn, for electron-phonon Scattering : 

99 —g — 3 x 10-50, ! 

j (VM E) 


KO —  — 5 x 10-3x, 


ji ; NS 
The Wiedemann-Franz ratio is reduced; however, the effect of electron— 


electron collisions is too small to be observed with a measurement of the 
two transport coefficients at liquid helium temperatures (down to 1°x). 

Jo eds an estimate for the effect of interelectronie collisions on the 
electrical and thermal conductivity of transition metals, let us consider 
the second case, that of Mott's two-band model (Mott 1936). Electrons 
and E aes —eand +e, and with an effective mass mg and ma 
respectively, € plane wave states of the si - 
iR. simple two-band model shown 

The average collision time for electron-hole scattering is given by: 


I 


dcn _ (kn 
Tsd m , where lsq= AOA CETT aS (6) 
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and where the average relative velocity of electron-hole pairs is 
Usd = $ (Use + Vaz); Vez and vaz are the relative velocities at the Fermi surface 
for electrons and at the Fermi surface for holes, respectively. The parameter 
A denotes the energy difference between the bottom of the s-band and the 
top of the d-band. With the above-defined rsa, the scattering operator 
which accounts for s-d Coulomb scattering in the linearized Boltzmann 


equation for electrons (Appel 1962), can be approximately written as: 
n afs Dc 

Lean") = — = Se) ton Se , .. (mg 

sa(2") aul =i V 1= mp (7) 


Qo 


Mott's two-band model for a transition metal; the vector k is a reduced wave 
vector for both electron states of the parabolic s-band and hole states of 
the parabolic d-band. This band model corresponds to the case (i); that 
is, phonon-induced s-d transitions are inhibited, and qg is the phonon wave 
number corresponding to the threshold energy fiw. 


A corresponding term is incorporated in the kinetic equation for holes. | 
The final result for the total electrical conductivity of electrons and boles 
is obtained as a simple formula: 


2 
gat oat ofall Oe ius 
90) = ERE eA 2e (8) A 
L [yea (1y) os] C ED, i 
(A— 0 

where C= Qsa(msma) vsa m es ds (=) nv f 
e na ms t 

The indices s and d refer to electron and hole parameters, respectively. f 
For y 41, the third term in the numerator of eqn. (8) accounts for the 3 
drag which electrons impose on holes and vice versa. Apart from our 
approximation for electron-hole scattering (eqn. (6)), the expression for E 
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g(9 js correct if one assumes that the rate of change of the s-electron distri- 
bution due to phonon-scattering into the d-band is independent of the hole 
distribution (Wilson 1938). 

The temperature dependence of the electrical resistivity 1 [o approaches 
a T? curve at sufficiently low temperatures and is in agreement with various 
experimental observations. An approximate T? dependence of the elec- 
trical resistance has been measured below 10°K by de Haas and de Boer 
(1933) on platinum, by Justi (1960) on molybdenum, and by White and 


Woods (1959) in a systematic investigation on several transition 7 als, 
particularly those with a large electronic specific heat. The mess: red 
coefficients have the right order of magnitude assuming a total scati xing 
cross section Qsqa — 10-1 cem?. Nevertheless, two different argument: :ave 
been raised to cast doubt on whether the observed low temperature cepen- 


dence of the electrical resistance is actually caused by Coulomb scat 
between charge carriers. In the first argument, one asks why is 
dependence of the electrical resistivity of, say, platinum not also observed 
at high temperatures where the lattice resistivity increases only linearly 
with T. This question is answered immediately with the help of eqn. (8). 
The second term in the denominator is small compared to one at all higher 
temperatures where the metal exists as a solid. In the second argument, 
one asks if the interactions between charge carriers and thermal lattice 
vibrations—in particular, phonon induced transitions of s-electrons into 
the d-band—may result in a 7? dependence of the electrical resistivity. 
To answer this question, let us consider the three possibilities for the struc- 
ture of the Fermi surface of a two-band conductor, assuming that the Fermi 
surface consists of two parts, £(ks) and £(ka); the first part describes the 
Fermi surface of electron-like Bloch states in the first Brillouin zone, and 
the second part describes the Fermi surface of hole-like Bloch states 


in the second Brillouin zone (that is, kq is not a reduced wave vector) 
The three general cases are : 


(i) ksz ka —K for all electron states ks at the first part of the Fermi 
surface ; 
(ü) ks— ka — K for some points ks; 
(iii) ks; — ka — K for all points ks; 


where K is 27 times a vector of the reciprocal lattice. 


there are three different Correspondingly, 


ee dif possibilities for the temperature dependence of the 
electrical resistivity l/os — pş = Pss+psa, where = and psa RE the electrical 
resistivities of s-electrons caused by phonon-induced s-s and s-d transi- 
tions, respectively. For the temperature dependence of p, in the limit 
T' — 0, there are the following possibilities (Wilson 1938): 
(i) ps— AT? + Bexp( 
energy ; 


(ii) ps — AT? + BT (D), where f (T) - 0 as T0: 
(iii) pp= AT5 + BTS, : 


—lhoglkT), where hw is a threshold phonon 
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Both A and B are constants and differ from case to case. Since the third 
case is considered to be an accident, one expects that intra-band phonon 
scattering of s-electrons determines the lattice resistivity as 70. The 
latter is proportional to 75 and, therefore, the observed approximate T? 
dependence of the resistivity of certain transition metals at low temperatures 
should be caused by Coulomb scattering between s-electrons and d-holes. 
The effect of electron-hole scattering on the thermal conductivity of the 
sition metals is of the same magnitude as the effect of electron-electron 
ttering on the heat conductivity of a monovalent metal and, therefore, 
i» Wiedemann-Franz ratio of a transition metal increases when electron— 
"e scattering is incorporated. 
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{1121} Twinning 
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[Received 15 March 1963] 


ABSTRACT 


Deformation twins on. (1121) planes in zireonium appear to form by means 
of a different mechanism from twins on the same planes in other hexagonal 
materials. An adequate explanation of the crystallographic features of the Zr 
twins cannot be given in terms of conventional twinning modes and it is sug- 
gested that a double twinning process is responsible for their formation. 
The most likely mechanism is shown to be twinning on {1124} followed by 
re-twinning on {1124}. 


§ 1. INTRODUCTION 


DEFORMATION twins on {1121} planes have been reported in several hexa- 
gonal materials including titanium (Rosi ef al. 1953), zirconium 
(Rapperport 1959), rhenium (Churchman 1960, E. Smith, private com- 
munication), graphite (Freise and Kelly 1961) and cobalt (Davis and 
Teghtsoonian 1962). The crystallography of the twins in rhenium and 
graphite may be described formally by the mode originally suggested by E 
Hall (1954) for the Ti twins with twinning elements K,, Ko, 7, 72, given T 
by : : 

(1121)(0001) (1126) (1120). 


The twinning shear associated with this mode is S — 71, where y=c/a is 
the axial ratio. For graphite S=0-367 but the much smaller axial ratio 
of the hexagonal metals makes S>0-6. Such a shear is inconsistent with 
the observed surface tilts associated with {1121} twins in Zr which 
indicate a shear of about 0:2. This has led to the suggestion (Rapperport | 
1959) that the operative mechanism in Zr is described by the mode 


{1121}{1, 1, 2, 16) (1126) (8, 8, 16, 3) 


with twinning shear S=4(y?—4)/17, which for Zr becomes í 
though describing the observed tilts satisfactorily this r 
only one in seventeen of the atoms being sheared to its co 
and it is thus associated with an extremely com] ufi 
An elaborate dislocation mechanism has been: sugg 
for the growth of a twin whose crystallography 
elements, but the mechanism seems most v 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
1078 A. G. Crocker on 


No other {1121} mode with an aeceptably simple shuffle mechanism has a 
twinning shear in the neighbourhood of 0:2 however (Crocker and Bilby, 
unpublished), and it thus seems that the traces cannot be satisfactorily 
explained in terms of conventional twinning mechanisms, * 
An analogous situation arises in Mg in which no satisfactory explanation 
could at first be given of the twin-like markings on planes near (8034; and 
{2027} (Couling and Roberts 1956, Reed-Hill and Robertson 1957). It 
has now been established (Couling et al. 1959, Reed-Hill 1960) that these 
Mg traces arise from double-twinning processes in which small vestons 


of primary twin re-twin to form double-twin nuclei. These nuclei 
consequently grow into bands on habits governed by the combined : zooms 
of the two shears. ‘The crystallographic features of these doubly tv d 
bands may be predicted using a theory (Crocker 1962) based c. an 


invariant plane strain hypothesis. In this paper the theory is usc. m 
an attempt to obtain an explanation of the {1121} twins in Zr in terms 
of a double twinning mechanism of this kind. 


$2. A DOoUBLE-TWINNING MECHANISM FOR {1121} Twins 
If the {1121} traces observed in Zr are the result of a double-twinning 
ocess. the component twinning modes of the mechanism must have 
1 ] o A 
the same plane of shear, i.e. the two twinning directions and the two 
normals to the twinning planes must all be contained in one plane (Crocker 
1962). This plane is also the plane of shear of the simple equivalent 
twinning mode which describes the resulting deformation and thus in 
the present example the common plane of shear of the component twinning 
shears must be perpendicular to {1121}. The only well-established 
twinning modes of h.c.p. metals which satisfy this condition are 
DAI 54 99 294° 
{1122}{1124} (1123) (2243), 
and its crystallographieally equivalent variant 
1155) 341 34 2939 
(1122)(1124) (1123 ) (2233). 
Y 7 1 1 "nr TE p D D - 
The twinning shear of these modes is S = 2(y?— 2)/3y which for Zr becomes 
0:22 (Kiho 1958). The four twinning planes, (1122), (1122), (1124), 
(1124), which the modes define, give rise to the four double-twinning 
mechanisms listed in the table. The other mechanisms which arise 
from these planes need not be considered as they are either crystallo- 
graphically equivalent to those given in the table or result in zero shape 
ec o hence no simple equivalent mode. In addition a 
Ws las E given (Crocker 1962) which states that two double- 
rr mechanisms w hich have first twinning shears which are either 
the same 2 reciprocal to each other and second twinning shears which 
are either the same or reciprocal to each other, have simple equivalent 
OE ; : : 
e modes which are identical. Thus, mechanisms 1 to 4 of the 
all oiv : : FERES 3 
table all give rise to the same simple equivalent twinning mode. This 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
{1121} Twinning 1079 


Comparison of the four mechanisms 


Mechanism — i 0 
(1191) (1128) 
| 1 | (132) (1133) 16? 20' 8° 29/ 64° 22 
| 2 | (129) (1124) 3? 46' 4? 38/ 160? 39' 
So! (I u) | ge a" 4°38’ | 160°39 
(1124); (1124) 10931 17° 1% 76° 56’ 
1(1120),, 


The traces in the plane of shear (1100) of the twinning planes 1 and 2 and 
twinning shears g, and g involved in mechanism 1 of the table. The 
suffices P and T indicate parent and twin planes respectively. 


mode will be derived by considering mechanism 1, in which the first shear 
occurs on (1122) of the parent and the second shear on (1122) of the 
twinned erystal (represented by (1122); (1122)). 

The relative positions of the two twinning planes involved in mechanism 
1 and the directions of the shears are indicated in the figure. The 
three parameters used in the theory are the magnitudes g, and gs of 
the two shears, positive shears moving material above the twinning 
plane to the right, and the angle 0 between the two twinning directions, 
positive angles being measured anti-clockwise. For mechanism. 1 we 
have g,=g,=2(y?—2)/3y and 0—tan-! [2y/(y2—1)]. The expressions 
for the angle d, made by the K, and K, planes of the simple equivalent 
twinning mode with the first twinning plane, and the twinning shear Gof 
this mode are given, for the present degenerate case in which g} =92=% 
by (Crocker 1962): 

cot à = [(cos 0— g sin 0) + 1]/sin 6, 
G — g(g sin 0 — 2 cos 6). 


402 
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Substituting for g and @ in these expressions we obtain cot $-(1-2y?)/3y 

or cot$-(4-?)|3y, defining the planes (1121) and (1 128), and 

G= —4(y?—2)/9y. The simple equivalent twinning mode is thus: 
(112141 128) (1126) (4483) 


Tor no "Thus 
and for Zr the magnitude of the twinning shear becomes 0-15. "Thus 
this double-twinning mechanism predicts {1121} as a twinning plane of 


the simple equivalent twinning mode and the twinning shear is ne^» the 
observed value of 0-2. The shuffle mechanism associated with this ode 
is complex, only one atom in nine being sheared directly to ite rect 
twin position. It is thus most unlikely that the mode is respon io for 
the formation of {1121} twins by means of a single shear. How: >v, it 
could well operate as the simple equivalent twinning mode of a conible- 
twinning process as the shuffle mechanisms of the component (11*.; anc. 
(1124) twinning shears are particularly simple (Crocker and Silby, 
unpublished). 


Tt remains to decide which of the four double-twinning mechanisms 
which give rise to this simple equivalent twinning mode is most likely to 
occur in practice. Two quantities are useful in distinguishing between 
these mechanisms: the angle 0 between the two shear directions, and 
the magnitude of the rotation y which must accompany the two shears in 
order that the interface may remain invariant. If 0 approaches 180° the 
two shears of a mechanism will be opposed and hence unlikely to be 
produced by a single applied stress. Large values of y are not favoured 
as they result in large strains at the tips of the propagating double twins. 
The magnitudes of 0 and y for the four mechanisms being considered are 
given in the table, being caleulated from an equation given previously 
(Crocker 1962). Mechanisms 2 and 3 have 0= 160° 39' and can thus 
be effectively eliminated. The remaining two mechanisms have com- 
parable values of 0 but the rotation magnitudes indicate that {1121} 
double twins are more likely to be produced by mechanism 4 in which 
both shears occur on {1124} planes. It is perhaps significant that {1124} 
twins were not observed in Zr which may indicate that {1124} twin nuclei 
menin to give {1121} double twins. The second possible habit plane 
ü 128} is more likely to arise from mechanism 1 but has not been observed 
in practice. Twins which cannot be adequately explained in terms of 
GM e oro. More exrerhaental jnformation 
regarding their Ree phic f oia RUE E 
multiple shear mechanisms a R P ce OM E 

re proposed to explain their occurrence. 


§ 3. CONCLUSIONS 


A double-twinning mechanism, similar to those which occur in Mg, 
has been proposed to explain the crystallographic features of (1121) twins 
in Zr. Four distinet variants of the mechanism arise, all predicting the 
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same simple equivalent twinning mode. It is thought that the variant 
involving a twinning shear on {1124} followed by re-twinning on {1124} is 
the one most likely to arise in practice. 


Nole added in proof —Recent experimental results on twinning in Zr 
were reported by Reed-Hill and Westlake at the conference on Deforma- 
tion “winning held at The University of Florida in March 1963. These 
vorl rs have both observed {1121} twins in Zr which exhibit the large 
nea’) characteristic of the twins in the other materials referred to in this 
ap It would thus appear that bands of re-oriented material can be 

rn on (1121) planes in Zr by means of two completely different 
reci» isms. 

T: writer is indebted to Drs. Reed-Hill and Westlake for valuable 
discussions on this point. 
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ABSTRACT 


The properties of images formed by diffraction contrast in thin metal foils 
viewed by transmission electron microscopy are studied by means of the 
dynamieal theory of diffraction, including absorption. Itisshown how quanti- 
iative information regarding the state of strain in the matrix surrounding a 
spherical inclusion can be obtained from the micrographs. The theory is 
exemplified by the case of Cu-2% (wt) Co, and measurements of strain made 
in this system are in good agreement with the expected value. 


$ 1. INTRODUCTION 


THE examination of two-phase alloy foils by transmission electron micro- 
scopy has revealed a particular type of diffraction contrast associated with 
precipitate particles. The contrast has been interpreted as due to the 
elastic distortions of the matrix around the particles (Nicholson and Nutting 
1958, Whelan 1958, Nicholson ef al. 1958, Ashby and Smith 1963). 
This paper describes the application of the dynamical theory of electron 
diffraction contrast developed by Howie and Whelan (1961) to the simple 
ease of a spherically symmetrical strain-field. In a later paper we shall 
show how the theory can be applied to more complicated situations. 

The case of spherical symmetry is exemplified by the system Cu-2 wt % Co 
in which spheres of f.c.c. cobalt precipitate in the f.c.c. copper matrix when 
the solution treated alloy is aged (Becker 1957, Bean and Livingston 1959). 
In this system the contrast appears as a pair of lobes, approximately 
symmetrically placed about a line along which there is no contrast (the 
‘line of no contrast’). Examples are shown in figs. 11, 12 and 13. When 
only one strong reflection is operating, the line ofno contrastis perpendicular 
to the reciprocal lattice vector corresponding to the reflection. The 
contrast is visible only when one or more sets of lattice planes diffraot 
strongly, and disappears as the foil is tilted away from this position. A 
description of the various contrast effects in this system, as well as a 
kinematical theory of the image formation, has been recently given by 


—— EE ea eS EN ENT OS 
T Now at the Institute for Metal Physics, University of Göttingen, W. 
Germany. 
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Our purpose is to show how quantitative 


Phillips and Livingston (1962). : 
parameter which describes 


information can be obtained about the misfit 
the elastic state of the strained precipitate and matrix. 


$2. THEORY 
2.1. The Elastic Displacements 
Mott and Nabarro (1940) have shown that, in an infinite isotropic ma; 


containing an isotropic misfitting sphere (the elastic model of a precip 
the displacements are radial, and given as a function of the distance r fon 


the centre of the particle by 


u=u,=—-, 2h 


u=U,=e, TSM 
where ris the radius of the inclusion, e isa parameter describing the strength 
of the clastic strain field and is equal to the fractional extension of a filamont 
on a diameter of the inclusion. For a coherent inclusion e is related to 9, 
the misfit between the unstrained lattices of inclusion and matrix, by 
EE A d ari (4) 
E" (2 
3K +—— 
l+v 

where K is the bulk modulus of the material of the inclusion, and # and v 
are Young's modulus and Poisson's ratio of the matrix. Taking v=}, and 
the shear moduli of matrix and inclusion to be the same, e= 28 (Eshelby 
1961). Here e and 8 are positive when the atomic volume of the inclusion 
is greater than that of the matrix. 


2.2. The Diffraction Theory 
The basis of the computation of the image profiles is the dynamical 
theory of diffraction contrast, in the form developed by Howie and Whelan 
(1961). When only one strong reflection g, is operating, their equations 
(23 a) and (230) give the amplitude of the transmitted beam, A), and that 
of the diffracted beam, A,, as a function of depth z in the Ges These 
equations are : 


dA, 7 D 1 

ee e I A eta d as 

dz £y r(e 7) Ao 

dA, _ i 1 (2.3) 
de — e = z) Ag + [= 7 +2rilsy +E) Ay 


where 


In n e Ay and Al, are complex quantities, and the transmitted 
7 a p are given by |A,|* and |A,? respectively. £,is 
e extinction distanee corresponding to reflection from. the sepes 
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lattice point g, and is fundamentally a measure of the distance the 
direct beam has to traverse in the crystal before the diffracted intensity 
becomes appreciable, and double diffraction effects important. Thus, 
in a distance €,/2 from the entrant surface in a crystal exactly oriented for 
Bragg reflection, the direct beam amplitude has fallen to zero, and the 
plitude of the diffracted beam is maximal. The effects of inelastic 
‘tering are included phenomenologically by the absorption parameters 
£, ^, and £j[£/. The former gives rise to a steady exponential decay of 
bou» transmitted and diffracted intensities, while the latter provides 


the ‘anomalous absorption ° required to explain the asymmetries of bright- 
fiei^ extinction contours, and other observations (Hashimoto et al. 1960, 
1977. sis a parameter defining the deviation from the Bragg angle, and 
is c val to the distance from the reciprocal lattice point g to the Ewald 
splicze measured parallel to the direct beam. — s, is taken as positive when 


the reciprocal lattice point is inside the sphere. 
When (a) absorption is neglected (€,/&) =€,/£, —0) and (b) s, €,>1, it 


can be shown (Howie and Whelan 1961) that A, can be considered constant, 
and apart from unimportant phase factors, A, is given by 


z 3n 
A,= g Ao | Fos [—27i(s,z+g-u)] dz. we eap) 
o 


This is the kinematical approximation of Hirsch et al. (1960). Here tis the 
foil thickness. The kinematical approximation is valid only when the 
diffracted intensity is very small in comparison with the direct intensity. 
Tt follows that contrast effects relying on changes in the diffracted intensity 
will also be small under kinematical conditions. 


§ 3. THEORETICAL RESULTS 
3.1. Results of the Kinematical Theory 


The coordinate system used is shown in fig. 1. The positive z-axis is 
parallel to g, and the z-axis bisects the acute angle between the directions 
of the incident and diffracted beams, and is positive in the direction of 
electron motion. z= 0 atthe surface of the foil through which the electrons 
enter, =v at the centre of the inclusion, and z=¢ at the exit surface of the 
foil. 

Combining eqns. (2.1) and (2.4) we find for the amplitude diffracted by a 
column of crystal not passing through the inclusion : 


x. im t CR 3 er3xlg| 
A= B Ay F exp ATU (s2+ Gu zs) dz. (3.1) 


When v=0, eqn. (3.1) reduces to the expression for a perfect crystal. 
Therefore the image in the x-y plane is characterized by a line of no contrast 
g-0. 

The integral (3.1) can be evaluated by plotting amplitude-phase diagrams 
(Hirsch e£ al. 1960), by numerical computing, or by integrating by parts to 
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give a series which appears to converge for s,f>1. Since in most cases 
1E, it appears that all of the information contained in the kinematical 
theory (which is valid only for s,£,? 1) can easily be obtained in the last 
way. There are, however, drawbacks, to even a qualitative use of a 
kinematical theory. These are : (2) On micrographs where two orders of 
reflection give contours which enable s, to be estimated, it is found that 
areas in which s,£, > 3 (i.e. areas where a kinematical approximation might 


To = 
be reasonably valid) show no contrast. This is confirmed by the theory 
which, for realistic values of the parameters, predicts changes in ^ acted 


and transmitted intensity too small to be visible (see the crite: of 
visibility in $3.2). (b) The kinematical theory wrongly predicts t: 
light and dark field images are complementary. This is because it n:o- 
absorption effects which can be very important in foils of the this--ae 
usually used in transmission microscopy. 


Fig. 1 


BOTTOM 
OF FOIL 
Z=T 


+Z 


Conforming with the rest of the diagrams in this paper, the s 
this coordinate system are the dimensio : 
Y —yj£ ,, Z=z] É ,, and T—tJ£ g 


ymbols shown on 
nless parameters X=2/é "p 


For these reasons, the results of the 


ki i ry wi o 
dac TA kinematical theory will not be 


3.2. Results of the Dynamical Theory 
A high speed digital computer, EDSAC II, has been used to integrate 


equs. (2.3) down columns of the crystal. startin 


the upper surface (z= 0). The transmitted and d 
evaluated as a function of. 


transformed to make them dimensionle. 
BS 8 gm Oe 
Z=t[t,; Votis; Tile; Ry=rylé,, Most tno 


males Pavla: 
f image profiles are 
i : line th i i 

parallel tog (i.e. normal to the line of no ou E ee 
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It must be borne in mind that the theory used here is subject to two 
approximations : the “column approximation’, which implies that there 
are only small changes of amplitude and phase between neighbouring 
columns in the crystal, and the * two-beam ° approximation, which neglects 
the effects of all but one diffracted beam. The column approximation has 
proved very successful in explaining the images of dislocations (Howie and 
Whslan 1962), and in practice it is usually easy to take micrographs where 
or «v one strong reflection is operating. 


IMAGE WIDTH 


The upper diagram shows the variation of background transmitted intensity 
(full line) and diffracted intensity (broken line), with the parameter 
W=s,€, (T—5, £,/&y = £,/£,/—0-1). The lower diagram shows the 
variation of image width with the same parameter (T5, V-2:5, 
R,—0-25, «;£,—10:2). All other profiles in this paper use the value 
$57 W 0. 

The dimensionless parameter describing the inclusion is «g7°/&,”. 
This quantity plays the role of g- b in the theory of dislocation contrast 
(Howie and Whelan 1962). We shall now examine the effect of the various 
variables on the x-profile of the image. 


3.2.1. Deviation from the Bragg condition 


The width of the image, defined by a fractional intensity variation with 
respect to background, varies with s, and has a broad maximum at 8,=0 
(fig. 2). By photographing bend contours the region on a micrograph 
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where s,—0 can easily be determined both in light and dark field (see 
Hashimoto et al. 1962) but other values of s, are more difficult to estimate. 
For these reasons, profiles have been computed with s,— 0 except where 
other values are specifically mentioned. 


3.2.2. The absorption parameters 

The image width is independent of the value chosen for the ats 
parameters (fig. 3), although details of the image are not. As the 
tion parameters increase, fringes in the image become less pronoun 
the light and dark field images, which are complementar: - 
élé — £,[£, —0, become more nearly the same. In agreemer^ vit 
Hashimoto ef al. (1960), we found that a value of £,/£j' = élé - 0 i5. 
good description of the images in most of the systems we have encour. 
and this value has been used throughout. 


Fig. 3 


LIGHT FIELD DARK FIELD 


0-05 


+I -| +i 


of image profile with absorption parameters, 
for £4/€ 7 = £ £y =0-05, 0-1 and 0:2. 


n this paper use th pres is d 
25, 46,2102) — VON Scr SS eeu 
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3.2.4. The depth of the inclusion in the foil 

The shape and symmetry of both light and dark field images depend on 
the depth V of the inclusion below the upper surface of the foil as shown in 
fig. 5. The light field image is symmetrical only when the inclusion is 
central in the foil. This is an example of the symmetry properties of 
images found by Howie and Whelan (1961). The light and dark field 
images of an inclusion near the upper surface of the foil are almost identical : 
ti-se of an inclusion near the bottom surface of the foil are almost comple- 
woatary. This effect is analogous to that reported by Hashimoto et al. 
(50, 1962) for stacking faults, and provides a method of determining 
n= `r which surface of the foil the inclusion lies. 


Fig. 4 
LIGHT FIELD 


80 \ / 
-X 


il © +| 


. Variation of image profile with foil thickness for 7—3:5, 5-0, 6:5 and 8:0. 


(V=T/2, R,—0-25, gé,=10-2.) 


Near the foil surfaces, the simple displacement field (2.1) must be modi- 
fied to take account of the stress-free boundary. This has been done 
crudely by using one ‘image’ particle of opposite sign and balancing out 
the remaining surface stresses by a system of point forces. The effect of the 
free surface becomes appreciable only when the inclusion is within approxi- 
mately one extinction distance of the foil surface, and causes anomalously 
wide, asymmetrical images. Although the symmetry of the anomalous 
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light field image depends on which foil surface is involved, the asymmetry 
of the anomalous dark field image does not (fig. 5). Further computation 
shows that this dark field asymmetry is not altered by changing s, and that 
the asymmetry should still be clearly visible when s,€,= +1. Provided 
the foil is sufficiently thick (/23£,) and the inclusion is fairly small 
(r)<t) the dark field asymmetry depends only on the sign of e and of g. 
This effect provides a rapid method of distinguishing between * interstitial" 


inclusions (those causing matrix atoms to be displaced radially s:«3y from 
the centre of the inclusion) and ‘ vacancy ’ inclusions (those caus, matrix 
atoms to be displaced towards the centre of the inclusion). Oi: “sitive 
prints of dark field micrographs taken at or near $,—0 : (æ) inc. 538 of 
interstitial type show anomalously wide images with their dari ' on 
the side of positive g (and X) and their light side on the side of ne «veg 
(and X); (b) inclusions of vacancy type show anomalously wide : ges 


with their light side on the side of positive g and their dark side on the 
side of negative g. These descriptions refer only to that part of the image 
which is in the matrix. 

The variation. of image width, defined as the width corresponding to a 
change of transmitted intensity of 2%. 20% and 50% from background 
intensity, with V, is shown in fig. 6. The image width is fairly constant for 
particles situated at all points in the foil except within about one extinction 
distance from either surface. Figure 6 allows one to estimate the fraction 
of particles which should show anomalous images in a given field of view : 
depending on T' and Ro, between } and + of the images should be anomalous. 

Figures 2, 3, 4 and 6 show the extent to which the image width depends on 
Sy the absorption coefficients, the foil thickness, and the particle position. 
Table 1 shows the maximum calculated changes in image width for vari- 
ations of these parameters. 

Table 1 
————Á S 


Per cent change in 


2% width | 20% width 50% width 
Change of £ ,/é and £ ,/£ g from 1 0:4 


0:05 to 0-2 i 
Change of T from 3 to 8 6 0:8 6 
Change of V when 1< V « 7—] 15 2:9 2X | 
Change from s ,=0 to s; E= E} 5 4:5 3 


i C a 
3.2.5. The operating reflection and e 
Er t T LENA i ae of looking at the same inclusion with a 
J : 8. infig. 7 the X-scale is in uni <tincti 
or E eisin units of the (111) extinction 


i : Opper, so that each profile can be compared 
directly with the others. Figure Sillustrates the effect of increasing che on 
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the image width. This information has been summarized graphically 
in fig. 9. The Appendix contains a table of points which allow a detailed 
version of this graph to be drawn. 


Fig. 5 


LiGMT FIELD DARK FIELD 


(9) l 2 
Variation of image profile with th dey 


surface of the foil, for V 
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Fig. 6 


A Ty 


IMAGE WIDTH/é, 


vá 
Variation of overall 2%, 20% and 50% image widths with depth, V, of inciusion 
j in the foil. (Conditions as for fig. 5.) i 


Fig. 7 


LIGHT FIELD 
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affect it only within the limits given in table 1. Itis thus possible to obtain 
from fig. 9 an estimate of e by measuring the image width and inclusion 
radius from the micrograph, g from the diffraction pattern, and computing 
é, for the reflections. 


Fig. 8 


LIGHT FIELD 


E 


\ | Vos 
\ | | Ys 
c ROM 


zl [9) 


| 
! 


+ 
N 


Variation of image profile with Ro, for ,3— 1, 19 19$ and P. (T=5, V=2-5, 


eg&,=10-2.) The same profiles serve to show the variation with €, 
holding gE , tg? — const. 


In practice, the image of an inclusion whose structure factor is very 
similar to that of the matrix is such that accurate measurement of ry may be 
difficult. For this reason, an X-Y map of the contrast, shown in fig. 10; 
was computed. It shows that the fringes outside the inclusion are lobe- 
shaped, while those inside are almost straight and normal tog, and that the 
inclusion diameter 27, can be estimated from the image width along the line 


ofno contrast. Figure 10 was computed for identical structure factor of 
inclusion and matrix. 


P.M. 4D 
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Variation of image width with e, |g |, ro and €,. |g | in reciprocal angstroms, 


ry and £, in angstroms. Image width measured in angstroms. 
Fig. 10 
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$4. EXPERIMENTAL RESULTS AND APPLICATION OF THEORY 


The system chosen to illustrate the theory of $3.2 is a Cu-2 wt % cobalt 
alloy which was solution treated for four hours at 1000?c, quenched, and 
aged for 10 hours at 600?c. Figures 11, 12 13 and 14 were taken from the 
same specimen of the alloy, examined in transmission in a Siemens Elmiskop 
lat 100 kv. 


Fig. 11 


9 Qo 


t 


9 


Light field micrograph of Cu-2% Co solution treated at 1000?c for 4 d 
quenched and aged for 10 hours at 600°c. Operating reflection is (2! 
direction of positive g marked. Scale of s,£, approximate 
An anomalous image is arrowed. 


The change in image profile as y, g and s, change can be 


comparison of the three plates. The scale of s, on these micri 
calculated either from the presence of higher order 
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th computed contours for known foil thickness. 
ages, and inclusions near the 
2. in about 


comparison of the contour wi 
Inclusions near foil surfaces with anomalous im 
foil centre with symmetrical images are visible on figs. 11 and 1 
the proportion to be expected from the considerations of $3.2. — It is inter- 
esting to note that fig. 13 contains fewer anomalous images than one might 
expect, but that it shows light circular patches of radius corresponding to 
the inelusion radius, and one is led to the conclusion that polishing eon- 
ditions were such that inclusions near the surface were leached ovt cf the 


foil. 


Fig. 12 


Light field micrograph of the alloy of fig. 11. Operating reflection (220) 


In comparing the profiles of fig. 7 with the micrographs, it must be remem - 
bered that the inclusion alters the contrast at the centre of the profile, and 
that most of the fringes observed are actually within the inclusion "The 
plot of fig. 10 corresponds most closely to the conditions of fig. 13 alth P. 
for an inclusion larger than those in the micrograph. d eu 
computed and experimental profiles can be seen to be in good p oe 

g ; 


; ; 4.1. Measurement of Strain 

In practice considerable caution is needed in applying the theory of 
$32. | In taking light field mierographs for measuring strain around 
inclusions the following conditions must be satisfied : 


D ŘE te 008 08 TT 


| 
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(a) The parameter s, must be very close to zero (see fig. 2). Although s, 
can be estimated from diffraction patterns, the best method is to photo- 
graph contours caused by large radius bends in the foil, such as those shown 
in figs. 11 and 12. If the foil thickness is known, the region $570 can be 
determined by comparing the contour with computed rocking curves, such 
as fig. 2 (Hashimoto et al. 1960, 1962). A better method is to take a dark- 
Roid micrograph of the contour without altering the diffraction conditions. 
‘nec the dark-field contours are symmetrical about s,=0, the line of 

"nmetry of the contour corresponds exactly to that condition regardless 
o2 She foil thickness. (Because of spherical aberration, these dark-field 
—c7ographs cannot be used to determine the sign of e; see $4.3.) 


Fig. 13 


9 (311) 


Light field micrograph of the alloy of fig. 11. Operating reflection (311). 


(b) The foil thickness must be large compared to the radius of the 


inclusion, 7), and the foil surface must be free from short-wavelength 
(=7,) irregularities. 
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on must operate in the area to be used for 
| measurement. This is easily checked by selected area diffraetion and by 
| ensuring that the line of no contrast isnormaltog. (Imagesin many-beam 
regions can show either crossing lines of no contrast, or no line of no contrast 
| at all. Because of the many parameters involved, no many-beam caleu- 
lations were attempted—sce Phillips and Livingston (1962) for examples 
| of many-beam images.) If possible, g should be chosen so that the image 
1 width is conveniently large; for example figs. 12 and 13 are preferable to 
: fig. 11. 


(c) Only one strong reflecti 


Fig. 14 


Dark field micrograph of the allo 
icrogr: y of fig. 11. Operati i 3 
Anomalous images e SO BOR E 


— (d) Anomalous images must be avoided. T 
[ malous images m - The best method is t 
images Be symmetrical about the line of no contrast, m i nos 
nly inelu hich near-central in the foil have this property. 
To aphs must be taken and printed with a visible 
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It must also be remembered that the response of the contrasty plates 
normally used for electron microscopy is far from linear over the range of 
electron density transmitted through a thin foil. Standard comparator 
plates were made with a background density equal to that on the electron 
micrographs, and with sections of the plate progressively blanked off to 
e decrements in exposure time of 2%, 20% and 5095. These and the 
stron micrographs were printed on the same grade of paper to give the 
s+ ne background density, thus giving a ‘scale’ ofintensity. A 2° change 
© intensity from background is barely visible, a 20% change is easily 

ible, and a 50% decrement appears almost black. 

295 image width measurements showed the greatest experimental 
< -vtter and have the greatest theoretical scatter (table 1). They are best 
used only as a rough confirmation of the results obtained from 20% and 
5094 image widths, which can be measured fairly accurately and have less 
ineoreticalscatter. For each image width fig. 9 provides a value of 


gro 
logio (22) : 
o EP 


The particle radius is measured, and g is determined by selected arca 
diffraction. &, is computed (see $4.2), and e can then be calculated. 

The mean value of efor Coinclusionsin Cu, calculated from measurements 
of 30 inclusions from figs. 11, 12, 13 and others was 0:013 + 0-002 (95% 
confidence). Assuming K=26-3x10%psi, H=16x10%psi and v=}, 
formula (2.2) gives §=0-018+0-0026. From quoted values of closest 
approach of atoms in Cu and f.c.c. Co (Hansen 1958), 6=0-0176. This 
value does not allow for the possible expansion of the cobalt lattice by 
dissolved copper. The close agreement between the calculated and 
observed values may be fortuitous, in view of the use of isotropic elasticity, 
the uncertainty in the value of K, and the systematic sources of error 
discussed in the next section, but one can say that the dynamical theory of 
image formation is in excellent quantitative agreement with observation. 


4.2. Systematic Errors 


The chief source of systematic error arises from the use of the two-beam 
theory. We have used throughout two-beam extinction distances 
corrected for relativity. This involves using a relativistic wavelength for 
the electrons, and multiplying the scattering factors by (1 =P)" 
(Howie, private communication), and for this reason our values differ 
from those of Hirsch et al. (1960). 

The resulting extinction distances for 100kv electrons are given in 
table 2. However, Howie and Whelan (1960) have shown that in the 
particular case of a (111) reflection with the Ewald sphere symmetrically 
placed with respect to the row of reciprocal lattice points (222), (333), ete, 
the two-beam estimate of the extinction distance may be as much as 10% 
too high. Less symmetrical orientations of the Ewald sphere, and the use 
of higher index reflections, such as are best for strain determinations, 
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but it is certain that the extinction distances of 


may reduce this error, ‘ C 
An approximate formula relating the change in 


table 2 are too high. i 
measured e with change in extinction distance 1s 
Ae, pg Ben 
n E NI 
Tt will be seen that the value of e determined from the image widths in $ 4.1 
is too low, perhaps by as much as 15%. 
Table 2 


g 111 200 220 311 331 420 Cn 


£ p copper (À) 222 255 392 484 728 752 


é p aluminium (A) | 540 645 1030 1260 1785 1860 


£ p gold (å) 150 170 286 277 390 402 458 


A further source of sytematie error is uncertainty in the magnification 
of the microscope. This is likely to be much less than the uncertainty in 
extinction distance, and affects the value of e less strongly. An over- 
estimate of the magnification will lead to an over-estimate of e. 


4.3. Determination of the Sign of € 

As explained in $3.2 the relationship between the asymmetry of anoma- 
lous images in dark field, and the positive direction of g enables the sign of e 
to be determined. In applying this method, the following precautions 
must be observed : 

(a) Spherical aberration in the electron image will always produce an 
asymmetry depending only on the position of the reciprocal lattice point g. 
This asymmetry can be mistaken for the anomalous asymmetry of $3.2. 
It is therefore essential to align the microscope so that the diffracted beam 
used to form the image of the crystal passes down the axis of the ob jective 
andsubsequentlenses. Inthe case of the Siemans Elmiskop 1, thisinvolves 
tilting the electron gun. 

(b) Pits around inclusions in the foil surface can produce wide images 
near s,=0, but do not normally give a consistent asymmetry. It is, 
however, advisable to have confirmatory evidence from several different 
reflections. 

Figure 14 shows a dark field micrograph of the copper-cobalt alloy 
taken from a (200) diffracted beam. Anomalous images are white on the 

side of positive gt. The inclusions are, as expected of ‘vacancy’ type. 


_ f In determining the sign of g, it must be remembered that the electron 
image passes through one more focus than the beams of the diffraction pattern, 
as pointed out by Whelan (1962). This results in an effective 180° rotation 
of the diffraction pattern in addition to the usual lens rotations. 
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4.4, Visibility of Inclusions 
An inclusion whose structure factor is sufficiently close to that of the 
matrix, or which is sufficiently small, will be imaged only by strain contrast. 
Tt is therefore important to know, for a given inclusion radius, how small a 
strain is visible ; or, for a given value of e what size of inclusion is visible. 


Fig. 15 


visible 


LOG ,(eg£g) 


invisible 


2 T (0) | 


LOG o(70/£a) 
The visibility of particles by strain contrast using 2%, 10% and 20% image 
widths as criteria. See text for full explanation. 

When image widths are small, the maximum contrast comes from 
columns which pass close to the periphery of the inclusion, so when the 
image width of the strain field becomes smaller than the inclusion itself, 
the particle will not be visible by strain contrast. Figure 15 has been 
derived from fig. 9 by assuming that the criterion for invisibility is the 
reduction of the 2%, 10% and 20% image widths respectively to the 
inclusion diameter. (A 10% criterion has been used in fig. 15 because it 
seems to correspond to a reasonable visibility level.) Knowing eandg, the 
smallest inclusion which will be visible can be calculated from fig. 15. Tt 
can be seen that the size at which an inclusion becomes visible does not 
depend markedly on the criterion chosen except for very large inclusions 
and very small values of eg£,. There is a range of inclusion sizes well in 
excess of the limit of resolution of the electron microscope which may be 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


1102 M. F. Ashby and L. M. Brown on 


invisible. In the case of copper-cobalt alloys, calculation shows that, at 
best, particles of diameter less than about 50& are invisible. Particles 
smaller than 504 have not been observed although magnetie measure- 
ments (Bean and Livingston 1959) show that such particles are present. 
A fuller discussion of the visibility of inclusions will be presented in a 
later paper. 
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APPENDIX 


— 
gs (e OM ds Image width/£ , 
E é 2% 10% a 1 coy, 
3:5 0:54 0-39 0:31 0:20 
2 mx 0:86 067 0:55 0-45 
ear 2-5 1:20 0:96 0-84 0-70 
eas T 572. 1-32 1-19 = 0-99 
15 2-4] . 1:83 1-64 1-29 
0 3:46 2-76 2:38 1-81 
er eel 
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ABSTRACT 


» It has been shown that in zone-refined aluminium, under specific quenching 
conditions, regions of stacking fault bounded by dislocation loops with a 1/3 
[111] Burgers vector can be formed. The same type of defect can be produced 
by multiply quenching 99-995% aluminium. Repeated quenching therefore 
produces effects similar to those produced by increased purity. The observa- 
tion of large, faulted loops in aluminium, a material assumed to have a high 
stacking-fault energy, is explained in terms of the difficulty of nucleating a 
Shockley partial dislocation to unfault the loop. The occurrence of such 
loops in the purest material only, is explained by postulating that in the purer 
material loop nucleation is more difficult than in a material of moderate 
purity. This results in some loops forming at low temperature, a condition 
which favours the formation of faulted loops. The purification produced by 
| multiple quenching is discussed in terms of the sweeping out of impurities 
| by the vacancies as they anneal out to the surface (the predominant vacancy 
sink in the present experiments). This ‘quench refining’ effect has been 
confirmed in a parallel study of the effect of purity and multiple quenching 
| on the type of clustered-vacancy defect in gold. In particular, it has been 
| shown that the quenching temperature corresponding to the transition from 
the formation of stacking-fault tetrahedra to the formation of black-spot 
| defects can be lowered by multiple quenching. 


$1. INTRODUCTION 


A previous paper by one of the authors (Cotterill 1961) dealt briefly with 
the nature of clustered-vacancy defects in quenched gold and its dependence 
on Ta, the quenching temperature. The experimental results for the 
method of quenching used by Cotterill may be summarized as follows: 


(a) For T42 850*c, followed by annealing at 100°c, only stacking-fault 
tetrahedra (Silcox and Hirsch 1959) are observed, and the concen- 
tration of these defects increases with increasing Tq: 


(b) In the same temperature range, the mean tetrahedron size decreases 
with increasing Tq. 


T Now at Metallurgy Division, Argonne National Laboratory, Illinois, U.S.A. 


TAS Gerd : 8 
| oe Division of Tribophysics, C.S.1.R.0., University of Melbourne, 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
1106 R. M. J. Cotterill and R. L. Segall on 


(c) For Tq«800?c, only black-spot defects are observed. These are 
thought to be clusters of vacancies (Cotterill 1962). 
(d) For Tq between about 800°C and 850?c a mixture of tetrahedra 
and black spots defects is observed. 
The observations (a) and (b) appear to be consistent with the homogeneous 
nucleation of tetrahedra from vacancy complexes (probably trivacancies or 
larger clusters). As T is raised, Cy, the concentration of vacancies, 


increases. ‘The concentration of divacancies is approximately propo! ional 
to Cy2, and the concentrations of higher-order complexes are propc Sonal 
to higher powers of Cy. Thus the ratio of complexes to single vacsscies 


will increase with Zq (Koehler et al. 1957, Kimura et al. 1959). This mans 
that an increase of Tq should give a greater concentration of 
tetrahedra, as is observed in practice. 

Observation (c) suggests that nucleation on impurities may be importa 
at lower Tq. If we consider for the moment a material in which the it 
rity concentration, Ci, always exceeds the total concentration of vacancies 
quenched in, the number of impurity-vacaney complexes should be directly 
proportional to Cy, and the ratio of these complexes to single vacancies 
should not show any marked variation with varying T4. The effect of 
increasing 7’, would be simply to increase the number of impurity -nucleated 
defects without altering their size appreciably. If Cj is decreased, a point 
will be reached at which this no longer applies and the ratio Ci/Cy can be 
significantly decreased by increasing 7q. Nucleation on impurities should 
then tend to become less important at higher quenching temperatures. 

In general both types of nucleation will occur simultaneously, with 
homogeneous nucleation becoming predominant above a critical tempera- 
ture, Terit. It is clear that Terit will depend upon the value of Ci. 
For large Cj, Terit may exceed the melting point, and homogeneous nuclea- 
tion ean never occur. For sufficiently low C; (in zone-refined material, for 
instance), Terit may be below the temperature from which quenching is 
capable of trapping in sufficient vacancies to form clusters. In this case 
heterogeneous nucleation will never be observed. Observation (d) suggests 
that Terit = 825°C for 99:999% gold containing the impurities listed in 
table 1. 

This paper reports the results of a transmission electron microscopy 
investigation of the above effects and of certain related problems. Both 
gold and aluminium were studied. Specimens of various purities were 
quenched from several different temperatures and by two different methods. 
It was found that the nature of the clustered-vacancy defect observed, 


depended on the quenching method, Tq and the purity. These effects 
are discussed in detail. 


$2. EXPERIMENTAL TECHNIQUES 


Two grades of aluminium and two grades of gold were used in the experi- 
ments. The prineipal impurities in these materials are listed in table i 


CC-0. In Public Domain. Gurukul Kang} 


"tem 
ie 5 


Re 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Quenching Effects in Aluminium and Gold 


Impurities (p.p.m.) 


vs | C31: 4x4 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
1108 R. M. J. Cotterill and R. L. Segall on 


this table is compiled from data supplied by the manufacturers. Specimens 
were 0:003 in. thick except where otherwise stated. 

Two methods of quenching were employed. One method (hereinafter 
referred to as method 1) was that described by Cotterill (1961). The speci- 
men was heated directly by an alternating current which was switched off 
immediately after entry into the quenchant. In the second method Í 
(method 2), which was similar to that used by Hirsch et al. (1559), the | 


specimen was heated in a wire-wound furnace. It was quenched 5: ouiting 
the supporting wire and allowing the specimen to fall into a beake: ter. 
It has been shown (Cotterill 1961) that method 1 gives a fast c: ong 
rate of about 5 x 104degcsec!. It is not clear whether method : “ves a 
lower quenching rate. As is discussed below, a quench with meti ay 
be equivalent to a quench with method 1 from a temperature sci... iat 


lower than the furnace temperature. | 

After quenching, all specimens were given an annealing treatisent j 
sufficient to complete the clustering process. They were then thinned by | 
electropolishing and examined by transmission electron microscopy. | 


| § 3. EXPERIMENTAL RESULTS | 
du 3.1. Aluminium 
e : T i 

; The results of quenching 99-9999% aluminium from various temperatures, | 
with each of the quenching methods, are summarized in table 2. For ease 
of reference, the observations have been labelled sequentially, A, B, C,.... 
The first new result is that zone-refined, 99-99999/, material is capable, | 


Table 2. 99-9999% aluminium single-quenched 
——— n o n ERR 


i T : Fraction 
Observation d, Quenching €. 
(x 15°e) method Hon (x 103) 
A 650 
B 600 i 3 2 
e 520 1 i 23 
" P 650 2 50 E 8 | 
i 520 2 65 E 


(C) Cp dy | (Cy 
(10%) | (x 10-8 em-2) | (4) CART 


325 
400 
275 
400 
500 
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An area of a 99-9999% aluminium specimen quenched from 650°c by method 2. 
Note the large hexagonal loops and the contrast effects that they 
exhibit. x 80 000. 
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Fig. 3 
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under certain conditions, of producing dislocation loops containing a 
stacking fault; these loops are mostly in the form of large, regular hexagons, 
lying on {111} planes, with their edges along (110) directions. Examples 
of these are shown in figs. 1,2and3. The difference between these loops and 


the much smaller prismatic loops observed by Hirsch et al. (1958) is most 
marked. The faulted nature of the loops is shown by the contrast effects 
that s^ clearly visible in the figures. 

C, sad Cp in table 2 are the concentrations of faulted and prismatic 
00] spectively. d, and d, are the corresponding mean diameters 
‘for + = hexagonal loops the diameter is that of the inscribed circle), and 
Uv). vw) (Cy)p are the vacancy concentrations corresponding to each 
sype of defect. Cy is the total vacancy concentration. The fraction of 
oops which are faulted is also quoted. It must be noted that these figures 
ave raher approximate. The relative fractions of faulted and prismatic 


loops showed a considerable variation from area to area, individual areas 
tending to contain loops of the same type. 

Table 3 lists the results of corresponding experiments on the less pure 
material (99-995% aluminium). The symbols have the same meaning 
as those of table 2. Only in a few areas of the specimens quenched from 
520°c, by method 2, were any loops observed. Even in these areas only 
one or two loops, separated by distances of several microns, were observed. 
No faulted loops were observed in the less pure material. 


Table 3. 99:995% aluminium single-quenched 
eee 


A Fraction 
STU T Quenching 
Observation (41 5°0) sain qu denis 
(96) 
F 650 l 0 
G 520 l 0 
H 650 2 0 
I 520 2 | 0 
servatior Cy dy (C. )r C 
Observation (x 10233 em-3) | (&)| (x 105) (x 10333 om-)8 
we si 0 —| 0 160 250 
G 0 =| 0 9 500 
E 0 =| 0 31 400 
I 0 ae 0 0 
3.2. Gold 


For the spectroscopically pure gold it has been pointed out that there is a 
critical temperature for the transition from tetrahedral to black spot 
defects. This temperature, Terit was found to be approximately 825°o 


4E2 
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for a quench by method 1 (Cotterill 1961). In the m v 
i using the same quenching method, the purity TI aen [n > n s s a E re 
of the clustered-vacancy defects in gold is demonstrated y ne is 5 3: 
| 99-98% material. On quenching this material from 1000 n a e. 
many more defects than with the pure material quenched v g simi B, 
conditions, and the defects are much smaller. Most of the defects appear 


i as unresolved black spots, but some appear to be very sma dr 
(see fig. 4). Thus the increase in the impurity content has zaised T. 
I . . Ox A vase in 
| from about 825?c to a temperature greater than 1000°c. 4 case in 
| impurity content therefore elevates Tri as was suggested aic 

! E 

| H 

i Fig. 4 


An area of a 99-98% gold specimen quenched from 1000°c by method 1. Note 
the presence of black-spot defects instead of tetrahedra. — x55 000. 


3.3. Annealing Experiments with Quenched Aluminium 
igures 3 (a), 3(b) and 3 (c) show the same area of foil. "The photographs 

re taken at intervals of a few seconds and they show the unfaulting of 
e loops. The cause of unfaulting is thought to be the thermal 
esset up by theelectronbeam. Similar observations have been made 
e se of tetrahedra in quenched gold (Silcox, private communi- 
is observation suggests that the thermal stresses are able to 
hockley partial dislocation inside the faulted loop and thus 
ude of the stress required by this mechanism is of 

le stacking-fault energy, y (Frank 1950). Unfor- 
lue of y from the above observations 

‘ould be neither measured 


bini ied rado et 


ES LLL LLL UTIRRSUU "1 T 
| 


| Digitized by Arya Samaj Foundation Chennai and eGangotri 
Quenching Effects in Aluminium and Gold 1113 


It is important to establish whether this faulted configuration is stable. 
With this in mind, a series of bulk anneals were carried out, prior to electro- 
thinning, on specimens containing faulted loops. These experiments were 
done on zone-refined aluminium quenched by method 2. The specimens 
were annealed in a wire-wound furnace and the temperature was measured 
by a thermocouple and also by a mercury thermometer. It was found that 
tho loop: were not unfaulted by a 2 min anneal at 201°c. A 6min anneal at 

°c we sufficient to anneal out the loops by climb (Silcox and Whelan 
1609) s: 1 it was not possible to determine whether the loops became 
un udtcc before this occurred. 


3.4. Multiple Quench Experiments 


The ilts of a preliminary investigation of the dependence of the nature 
of clustered-vacancy defects in aluminium on quenching history are listed 
in table 4. It is immediately apparent that there is indeed a dependence, 
because whereas no faulted loops were observed in 99-995% aluminium 
| single quenched under any conditions, double quenching by either method 

is found to produce a fraction of faulted loops (compare observations J and 
F,and observations K and H). Figure 5 shows a faulted loop produced in 
the 99:995% aluminium by quenching twice fróm 650*c, using method 1. 
This effect was found to be thickness dependent. A 99:995% aluminium 
| specimen of thickness 0-010 in. was quenched twice and electron microscope 
specimens were taken both from the central region and from the region 
adjacent to the surface. Only in the latter were any faulted loops observed. 


Table 4. Twice-quenched 99:995% aluminium 


; Fraction 

| MU T. Quenching Cs 

| Observation (+ 15°C) methodi dotis (x 105) 

| (%) 

| J 650 1 2 28 

| K 650 2 27 12 

Ed Cr dy | (Cy)r Cp dp | (Cy)p F 
Obeenr F F I P P 
bservation (x 1023 em=8)} (&) | (x 105) (x 10333 em-3)| (&) | (x 105) 

J 3 750. 3:5 130 300 24 
K 4-5 900 7-5 12 400 


: An investigation was also made of the effect of multiple quenching on 
Terit for 99:999% gold. Double quenching was found to depress this 
parameter by (70 + 20)°c. Figure 6 shows an area of a specimen quenched 
first from 1000°c, then requenched from 730°c, and finally annealed at 


| 
| 
| 
| iz 
| 
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Fig. 5 


An area of a 99:995% aluminium specimen double quenched from 650°c by 
method 1. Note the large faulted loop. x110 000. 


Fig. 6 
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100?c. This treatment produced a mixture of tetrahedra and black-spot 
defects. This result is to be compared with the single quench from 750?c 
which produced only black-spot defects, and the single quench from $800?c 
which gave a mixture of spots and tetrahedra. 


$ 4. Discussion 


The <i servations listed in $3.1 will be dealt with first. "Three factors 
2/-5eac c^ determine the type of clustered-vacancy defect observed. These 
acs as iolows: 

i) | oa given purity and quenching method, faulted loops are favoured 
vy decreasing Tą. 

Jl) ora given Tq and quenching method, faulted loops are favoured by 


increasing purity. 

(iii) Foragiven purity and 7’, there is an effect of the method of quenching 

on the type of defect cluster; this is discussed below. 

Before any of these effects can be interpreted, however, it is necessary to 
consider the large faulted loops which appear under certain conditions. 
The observation is a surprising one because the stacking-fault energy of 
aluminium is thought to be high (e.g. Seeger and Schoeck 1953). Such 
large areas of fault would be energetically unfavourable. In view of the 
fact that the small, circular, unfaulted loops usually observed in quenched 
aluminium have diameters only about one-quarter the size of these faulted 
loops, the occurrence of the latter is particularly surprising. Clearly, any 
interpretation of the effects listed above must involve an explanation of the 
occurrence of the large faulted loops. 

One simple explanation of the present experiments is to assume that the 
stacking-fault energy of aluminium is less than about 25ergs cm~, despite 
the evidence cited in the previous paragraph. Tf, on the other hand, y 
is high, and the faulted loops metastable, one can make a calculation of the 
maximum value of y by using the ideas of Frank (1950). The calculation, 
which is a more exact version of that performed by Frank, is given in the 
appendix. It involves the determination of the activation energy, E, 
required to nucleate the ring of Shockley partial which will unfault the loop. 
The calculation also determines the critical size of the Shockley loop, 
Teri. It is repeated for a range of values of y, r, (the core radius) and Co; 
à constant related to the core energy of the Shockley partial. Forro— b,/2, 
it may be noted that the total strain energy of a Shockley partial of radius 
5b, is 0-21ev per atom plane when C,=0, and 0-:34ev per atom plane 
when C,—1. Sets of values corresponding to an activation energy 
H=1-68 + 0-10ev are given in table 5. 

The results given in $3.4 show that E 7 l-68ev (see the Appendix), 80 
Ae ae p ae ee for the stated values of ry and Cs. F rom 
eee z e accurate estimate of y can be made ve 
ros ge of the core configuration. However, the results 

nsistent with the values of y, current in the literature, namely 
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Table 5 
; Core energy Nr Sr 

E(ev)| Tof Co (ev per atom plane) Ferit/Ps "ey inu) 

1:76) 0-5 0 0 8 190 

1-62) 0:5 0:5 0-06 6 270 

162} 0-5 1-0 0-13 5 360 

1-72 1-0 0-5 0-06 8 9 

164| L0 1-0 0-13 6 ) | 
CEES R] 
Ya = 238 ergs cm~? (Seeger et al. 1959, Berner 1960) and y,, ~ 15: em~ 
(Fullman 1951). A discussion similar to that given in the Apr: : x has 
been given by Mader et al. (1961), but these authors neglect the «i set of 


the core energy. 

If the stacking-fault energy is about 238 ergs cm~? one might infer that 
the temperature at which the loops would unfault is not appreciably higher 
than 203°o, the temperature at which they anneal out by climb. We now 
return to the results given in tables 2 and 3, and we first consider effect 

1). 

E ds A, B and C show that the fraction of loops which are faulted 
increases as Tq is lowered. One possible explanation of this effect involves 
consideration of the nucleation of the loops. It was shown above that a 
loop existing at a temperature very much above 203°c cannot be faulted. 
For the sake of argument it will be assumed the unfaulting temperature 
is about 250*c. If the vacancy clusters that form during quenching reach 
a size large enough to collapse and form a loop before the specimen tempera- 
ture has fallen below 250°c, then the loop will unfault. Clusters reaching 
this size after the temperature has fallen below 250°C may eventually 
produce faulted loops. At a lower Tq the condition for unfaulted loops 
would be more difficult to fulfil and the fraction of faulted loops should 
increase. 

In the preceding paragraph it has been assumed that all the loops form 
as faulted loops and it is suggested that if they form at a sufficiently high 
temperature they will then unfault. Tt is also possible that a loop forms 
directly as à prismatic (unfaulted) loop if the formation temperature is 
sufficiently high. In other words, instead of a simple collapse of the 
platelet of vacancies which has formed on a {111} plane, the collapse may 
take place with a shear, producing directly a 1 [2 [110] dislocation. 

Consider the schematic diagram of fig. 7 which gives hypothetical eurves 
of free energy versus number of vacancies for various vacancy-aggregate 
configurations. At very small loop sizes the faulted loop will have a lower 

energy per vacancy than the prismatic loop, if the stacking-fault energy, y, 
is not too high. The exact value of y for this to be so, will of course depend 
upon the minimum size of loop that can be formed from a vacancy cluster. 
Whatever the value of y, at a sufficiently large loop radius, the faulted loop 
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will have a higher energy per vacancy than the unfaulted loop. In 
addition to the curves for the two types of loop, curves have been drawn 
showing the free energy versus number of vacancies for a cluster of 
vacancies. These latter curves have been drawn for two temperatures, 
T..>T',, the free energy per vacancy being less at the higher temperature, 


because of the greater contribution of the entropy term to the free energy 


at higher temperature. Because of the variety of configurations that a 
nay cluster can assume, it is thought that the temperature dependence 
of "urves of free energy versus number of vacancies for a cluster, will 


‘cater than for the corresponding curves for the loops. For this 
71 the temperature dependence of the latter curves has been neglected 
7. On this basis it can be seen from the figure that, depending 
54 the temperature of the collapse, a cluster could either collapse directly 


a faulted loop or as a prismatic one. 


Fig. 7 


Cluster (T) 


Faulted Loop 


- 
- 


Boe Cluster (Ta) 


Unfaulted Loop 


>t 


Free Energy of Configuration —— 


Number of Vacancies —=— 


Hypothetical curves of free energy versus number of vacancies for different 
types of vacancy aggregate. 


In order to establish definitely the plausibility of the above arguments 
it would be necessary to show that some vacancy clusters can reach a size 
large enough to collapse before the specimen temperature drops below 
250°c. 

Schoeck and Tiller (1960) find that a cluster of vacancies will collapse 
when the equivalent loop has a radius of about ten Burgers vectors. The 
rate of growth of a cluster will depend upon the supersaturation of vacancies 
that exists in the specimen at any instant, and during the quench the 
supersaturation increases as the temperature falls. The growth rate will 
also depend upon the mobility of the migrating point defects, and this too is 
temperature dependent. The calculation of the numbers and sizes of 
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clusters present in the material at any time during the quench is therefore 
quite complicated. At the present time this caleulation has only been 
attempted for the case in which only single vacancies and divacancies occur 
(Koehler et al. 1957, Kimura et al. 1959). 

In order to explain the fact that lowering of Tq produces faulted loops 
(see table 2), one would also have to establish that under these conditions 
some loops would not reach the critical size for collapse before a teiverature 


of 250?c is reached. It must be emphasized that this is not tho sme as 
showing that no loops would reach the critical size. (As noted in syne 2, 
many prismatic loops are observed in the specimens containing 7v:)ted 
loops.) The questionis whether any clusters fail to reach this size.“ .osim- 
ing that loops are being nucleated at all times during the quench, i 7; roears 
likely that some will be nucleated when there is insufficient time (2: for 


growth to the critical size before the specimen temperature falis below 
250°c. Indeed, it seems likely that some nuclei will form after this point. 
A reliable estimate of the fraction of loops which collapse too late (for a 
given T4) is not available at this time, because the identity of the cluster 
nucleus has not been established. Even with the latter information, 
exact calculations would be precluded by lack of knowledge of the relevant 
binding energies. 

We now consider the purity dependence (effect (ii)). Comparison of the 
pairs of observations A and F, C and G, D and H, and E and I (see tables 
2 and 3) shows that in all cases an increase in the impurity content leads to a 
lowering of the fraction offaulted loops. Onthe basis of the model proposed 
above a simple explanation can be given for this effect. The effect of the 
impurities is to promote heterogeneous nucleation and hence to accelerate 
the clustering of vacancies, causing premature collapse of the clusters, thus 
producing unfaulted loops. 

Effect (iii), the dependence on the method of quenching for a given 
purity and Tqis the most difficult to explain. It has been shown (Cotterill 
1961) that for method 1, the temperature decreases linearly with time. 
If the same were true of method 2, and if the latter was in fact slower 
than method 1, the model proposed above would lead to a lowering of the 
fraction of faulted loops. ‘The latter would result from the morera time 
that the specimen would spend above 250°c. This is exactly opposite to 
what is observed in practice. In fact the situation is more complicated 
than this because Cy is a function of time, due to the loss of vacancies to 
sinks. It was noted previously, however, that the quenching rate in method 
2 was probably not uniform. The specimen took about 0-3 sec to fall from 
the hottest region of the furnace to the quenching fluid. After hitting the 

latter its temperature should fall at a rate comparable to that durin 

method 1. During the first 0-3 sec its temperature would fall at a P DUE 
slow rate. If the drop in temperature during this time was about 715% 
(see below), then it is not difficult to show that a vacancy could make about 
1011 jumps before the specimen hit the quenchant. This corresponds to a 
diffusion distance of about 100 microns, which is greater than the specimen 
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thickness, so the concentration of vacancies actually quenched into the 
specimen would not be much greater than the concentration existing in the 
specimen at the moment of entry into the quenchant. The effective 
quenching temperature would therefore be lowered by use of method 2. 
According to the model proposed above, this would mean that, all other 
things being equal, method 2 should produce a higher proportion of faulted 


i5ops. This is consistent with the observations listed in table 2 (compare 
servations A and D, and observations C and E). There is other evidence 
hick -pports this contention. The concentration of vacancies, Cy, in a 
ecit -1 quenched from a given temperature by method 2 is always consi- 
Crab. ‘ower than the concentration in a specimen quenched from the same 
tempe stare by method 1. By comparison of observation D with obser- 


vations B and C it ean be estimated that a quench from 650°c by method 2 
is equivalent to a quench by method 1 from a temperature somewhere 
, between 520?c and 600°c (but closer to 600°C, perhaps about 580°C). 
| On these grounds one might expect the fraction of faulted loops in a speci- 
men quenched from 650°c by method 2 to be somewhere between 13% and 
22° (see table 2). In practice the fraction is comparable to, but somewhat 
higher than, this. It is worth noting at this point that Silcox (1961) found 
a mixture of black-spot defects and tetrahedra in 99:999% gold specimens 
quenched from about 900°c by method 2. As was discussed in $ 1, this 
| observation corresponds to 742:825?c for a quench by method 1. This 
| supports the view that a quench by method 2 is equivalent to a quench by 
| method 1 from a lower temperature. 
We now consider the experiments with quenched gold. The total 
impurity concentration in the purer material was approximately 5 x 10-9. 
Specific impurities, quoted as atomic fractions, were present approximately 
to the extent of 3 x 10-9 (Cu), 4x 10-9 (Fe, Ag) and 7x 10-5 (Si). As is 
discussed later, impurities having a large value of B,., the impurity— 
vacancy binding energy, will probably have the greatest influence on the 
vacancy clustering kinetics (Doyama and Koehler 1962). Of the above 
| impurities, iron and silicon should have the largest values of Byin gold, 
because their atomic radii and electronic structures differ markedly from 
those of the latter. For 74—1000?o the concentration of vacancies 
quenched into the lattice was about 2x 10-4. Considering for example the 
| iron, this corresponds to a vacancy-impurity ratio of 50. The average 
number of vacancies in a tetrahedron is about 5 x 103. The tetrahedra may 
or may not be nucleated on impurities. All that one can conclude from 
these figures is that not all the impurities act as nuclei. (It is possible that 
the impurities are not dispersed through the lattice as single atoms but as 
clusters. This would of course lower the number of heterogeneous nuclei. 
A comparison of resistivity data on gold in which a uniform distribution of 
impurities was introduced by nuclear transmutation (Martin 1962) and 
gold in which the same impurities were added in the melt (Linde1932) 
s d however, that the impurities in the present experiments were in 
ributed as single atoms.) In the case of gold it is not necessary to 
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establish at what point during quenching the vacancy clusters reach a 
size large enough to ensure that the tetrahedron will be the stable configura- 
tion for the cluster size observed. For Tq=750°c, the vacancy concen- 
tration drops to about 5 x 10-8, and the vacancy-impurity ratio to about 
unity. Nucleation on impurities will probably become important for 
quenches from this temperature, so it is not surprising that a different 


type of defect is observed. Ifall the impurities are dragged inte the baa 
spot defects by the vacancies, the spot defects will contain abou 10° o of 
impurity atoms. Such a large proportion of impurity atoms m: hibit 
collapse of the vacancy clusters. ; 

At Tq- 800?c the vacancy-impurity ratio rises to about 4, and : ture 
of spots and tetrahedra is observed. At this ratio, heterogen nd 
homogeneous nucleation appear to be equally favourable. In oo 29% 


material, 7'4 — 1000?c corresponds to the production of black-spot cc*cts. 
The vacancy-impurity ratio ought therefore to be below 4. The total 
impurity content is 2x 10-4, and for 74—1000?c the concentration of 
vacancies quenched inis 2 x 10-4. The vacancy-impurity ratio is therefore 
approximately 1/4, assuming a mean atomic weight of 50 for the relevant 
impurities. Even if, as discussed above, it is only specific impurities which 
are important, one would still expect to observe black-spot defects because 
the vacancy-impurity ratio is still below 4. "The results of the single 
quench experiments with gold are therefore in good agreement with those 
with aluminium. "The nature of the clustered—vacancy defects is again 
found to depend on Tq and on initial purity. 

Before discussing the multiple quenching experiments, it will be conve- 
nient to consider an effect caused by the association of a vacancy with an 
impurity atom. Vacancies and impurity atoms can become bound to each 
other to form complexes (Johnson 1939) which are known as Johnson 
molecules. It can be shown that one effect of this association is to reduce the 
activation energy for impurity diffusion by an amount approximately the 
equal to B, the vacancy-impurity binding energy (e.g. Lidiard 1955). 
The presence of the attached vacancy therefore facilitates impurity motion 
(e.g. Lomer and Cotterell 1955), and this enhancement of motion is greatest 
for those impurity atoms having the largest Biy: During and after 
quenching, a vacancy concentration gradient exists a 
the specimen surface in the very thin specimens used in the present experi- 
ments), and there will be a net flow of vacancies towards them. Conse- 
quently there will be a corresponding gradient of complexes and hence a 
movement of impurities to the sinks. "Thus if the surface is the major 
sink and the impurities are trapped there, there will be a purification of 
the specimen. 

Even after the vacancies have clustered there will b 
tration gradient at the sinks (w 
denuded of dislocation loops). 
200°c, the loops will anneal out 
This will cause the vacancy 


t the sinks (chiefly 


e a vacancy concen- 
hich manifests itself in the form of a zone 


Tf the specimen is heated up again, above 
and the vacancies will escape to the sinks. 
concentration gradient to simultaneously 
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decrease in magnitude and extend further into the specimen, and again the 
tendency will be for the complexes to be pulled out towards the surface. 
The purification process described above is therefore expected to occur 
both during quenching and subsequent annealing above 200°c. The 
relative amounts of purification which occur during these two processes 
will depend upon the fraction of vacancies which are lost during quenching. 
There will also be a dependence upon Bi: and upon the temperature 
reece in which the vacancies are lost. The annealing after quenching may 
; t for most of the purification because the binding energy is so much 
m “portant at low temperatures. 

vssults given in table 4 will now be compared with those of tables 3 


an 1 order to determine to what extent they fit the proposed model. 
Observation K (table 4) is to be compared with observations H (table 3) 
and © ‘table 2), because they all refer to quenches from 650?c with method 


2. The percentages of faulted loops in the once-quenched 99-995% 
material, the twice-quenched 99-995% material, and the once-quenched 
99:9999% material are 095, 27% and 50% respectively. "lhissuggests that 
double quenching purifies the 99-995% material, perhaps to the extent of 
removing about half the atoms of some specific impurity. Using the model 
proposed above, the fact that one is able to monitor the effect by observations 
on the faulted loops implies that the impurities which effect the nucleation 
of the loops are also the impurities which show the greatest tendency to be 
drawn to the sinks by the vacancies. This is not unreasonable. The 
impurities having the largest value of B~ should have the strongest 
effect on the clustering of the vacancies because the complexes that they 
form will be the most stable (i.e. will have the lowest rate of break-up 
during quenching). 

Observation J is to be compared with observation F (table 3) and obser- 
vation A (table 2). There is a discrepancy here. The twice-quenched 
99:995% material certainly gives more faulted loops than the once- 
quenched 99-995% material (295 compared with 0%). It also gives more 
faulted loops than the 99-9999% material. It should be noted, however, 
that the figures quoted in the tables are only average values. In most 
cases the distribution of loop sizes, concentrations and even shapes showed 
considerable variation from area to area. Moreover it becomes much more 
difficult to determine whether or not a loop is faulted when its diameter is 
$3504. For this reason the lower temperature quenches are believed 
to give a more reliable indication of the fraction of loops which are 
faulted. 

The depression of the temperature, Terit, at which both tetrahedra and 
spot defects are observed in 99:9996% gold, can be used to estimate the 
degree of purification obtained by double quenching. Ifitis assumed that 
the mixture of defects occurs at a given ratio of vacancy concentration to 
concentration of a specific impurity, the depression of Zerit from 7, to T, 
will satisfy the condition: 


[(Cv),/G,] After one quench = [(Cy)p,/Ci] After two quenches, 
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| 
where C; and Gj’ are the initial and final impurity concentrations respective- | 
ly. For zero vacancy loss during quenching, we have: | 
j 
| 
| 
] 
{ 
| 
1 
| 
] 


(Cy) p= A exp ( — Epl kT), 
and thus 
Cy «Ci exp (Eg [ET , — E s ][ET;). 


For gold, E, —0:97ev, T,= (800 + 20)°c and T,= (730 + 20)°c and thus 
C, ~ 0-5C;. 


| This expression is very approximate because it ignores the fact ti: 5 eom 

vacancies are lost during quenching (as distinct from the majority’ < 
vacancies which escape from the specimen during the interme 
annealing). It agrees quite well, however, with the estimate based or. 252 
change in the proportion of faulted loops in aluminium. 

Tt was noted in $3.4 that the apparent purification mechanism disc 
above is operative throughout the specimen only in specimens having thick 
nesses less than 0-010in. (i.e. 250 microns). According to the proposed 
mechanism, purification will take place only in the region over which a 

| vacancy concentration gradient exists. The width of this region will be 

i determined by the distribution of vacancies and vacancy clusters present | 
in the specimen after quenching, and by their individual diffusion distances. | 
Because ofits low migration energy, the divacancy should have a particular- | 
ly long diffusion distance during quenching. It seems probable, therefore, 
that the net vacancy concentration gradient will extend furthest into the 
specimen when quenching conditions are such as to produce a high concen- } 
tration of divacancies. As can readily be shown (e.g. Koehler et al. 1957, | 
Kimura et al. 1959) this condition is expected to prevail for quenches from 
near the melting point. Using the value 0-57 ev for the migration energy of 
a divacancy in gold, it can be shown that for a quench from 1000°c the 
maximum distance over which a net concentration gradient will exist | 
should be in the region of 30 microns. This is in approximate agreement 
with the maximum distance over which the vacancy-induced purification 
mechanism appears to operate in aluminium (in aluminium the migration 
energy for a divacaney is not known accurately). 

One point that is not clear at present is why the impurity atoms, having 
been transported to the specimen surface, do not diffuse back into the inte- 
rior of the specimen during the annealing that occurs, while the specimen 
is being held at the quenching temperature, prior to the second quench. 
One possible explanation of this is that the impurity atoms become trapped 
at the oxide layer on the specimen surface. This might be true of the 
aluminium whieh oxidizes quite readily at the surface. An alternative 

explanation is that the impurities themselves are oxidized when they 
reach the surface and hence are trapped. 

Irrespective of the details of the mechanism by which the impurities are 
trapped at the surface, it seems that they must spend a considerable time 
at the surface for the process to occur. Otherwise it would be possible to 
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purify a specimen, simply by holding it at high temperature, when all the 
impurities would, at some time, briefly impinge on the surface. (It must 
be remembered that the impurities we are considering are all present at 
concentrations low enough to be within the solubility limit.) 

At low temperature, a high impurity concentration at the surface would 
be the equilibrium configuration. This can be seen by considering the 
similar problem of equilibrium grain boundary segregation (see e.g. McLean 
19:7; and has also been shown experimentally by Stewart et al. (1951). 
Pos this reason and also because of the difficulty of transport back into the 
in “or of the specimen, it is expected that the impurities will in fact spend 
si. ovt time at the surface to be trapped. 


$ 5. CONCLUSION 
: results of these experiments may be briefly summarized as follows: 

(«j in zone-refined aluminium, large faulted dislocation loops are 
observed, 

(b) the lower the quenching temperature the higher is the proportion 
of faulted loops in zone-refined aluminium, 

(c) faulted loops are only observed in 99-995% aluminium if it is 
repeatedly quenched, 

(d) ingold, the temperature of transition from the formation of stacking- 
fault tetrahedra to the formation of black-spot defects can be 
lowered by multiple quenching, 

(e) the tetrahedron transition temperature in gold is lowered by 
increased purity. 

Results (a) and (b) can be understood if the faulted loops in aluminium 
are a metastable configuration. It seems that the formation of a faulted 
or prismatic loop depends on the temperature at which the loop forms from 
a vacancy cluster. Both increased purity (in inhibiting nucleation) and 
lower quenching temperature favour the low temperature formation of 
loops, a condition which tends to produce faulted loops. 

The observations (c) and (d) in conjunction with (a) and (e) show that 
multiple quenching has the same effect on vacancy-aggregate formation as 
has increased purity. Thus it seems that a process of purification by 
quenching can occur. The process will be most effective for those impu- 
rities which have a high binding energy to a vacancy. 

This ‘ quench refining? may be of some general value in that it continues 
to be effective in materials of very high purity, where other methods of 
refining become less efficient. An alternative technique based on the same 
principle would be that of ‘irradiation refining?, where a continuous 
supersaturation of vacancies could be maintained by irradiation. Suf- 
ficiently thin specimens could be purified by bombardment in a nuclear 
reactor without raising them to a high temperature, as is necessary in 
“quench refining’. The irradiation would have to be carried out under 


conditions in which a negligible amount of impurity is introduced by 
transmutation. 
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After low temperature annealing the impurities carried to the surface 
could be etched off, and the process repeated. It should also be noted that 
a similar purification should occur in thick specimens but now the impurities 
would be redistributed to the grain boundaries. 
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APPENDIX 
Following Frank (1950) we assume that to unfault the loop a ring of 
Shockley partial dislocation must be nucleated in the stacking fault and 
that when it exceeds a critical size it is energetically favourable for it to 
grow and unfault the sessile loop (b= 1/3[111]) by a reaction of the type: 
fs pono ee OW 2 LO} eee (1) 
If the energy which opposes this reaction, unless the Shockley ring exceeds 
the critical radius, is Ferit and the critical radius rerit, then the number of 
loops, A, which are unfaulted per unit time at a temperature T'is given by : 
dN|dt=v'NAexp(—Herit/kT), |. . . . . (2) 
where v' is the atomic vibration frequency and A is an entropy term. 
The latter will be approximately equal to the ratio of the areas of the 
Shockley ring of critical radius and the faulted loop. It is shown that the 
n radius of the Shockley ring is about 6b,. The radius of one of 
the aulted loops is ~ 5006, (N.B. b = 1/6[112]). Thus A~700. From the 
observations dN|N «1 for dt=120see and T'—201?c. This gives the 
inequality : 

(8-4 x 10*)y’ exp (—Herit/474k)<1, . . . . . (3) 

from which is derived, using v’~ 10! sec- : 
Berit > 1-68 ev. Gy aoe hen res (4) 


The energy change associated with the creation of the circular ring of 
Shockley partial is, using the expression given by Nabarro (1952) for the 
self-energy of the dislocation loop: 


E= — nr’y + (Gbr/4)[1 + 1/(1—v)][In (riro) — 0:61 + €]; (5) 
where v is Poisson's ratio, r is the loop radius, rọ is the cut-off radius, G is 
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the shear modulus and y is the stacking-fault energy. The first term is 
negative because the region inside the Shockley ring is unfaulted. "The 
term C, has been added to allow for the energy associated with the core of 
the Shockley ring. Ifr~10b,and7)~6,/2, and if the core energy is between 
a fifth and a half of the strain energy of the Shockley partial, the physically 
reasonable values of C, will lie in the range 0:5-1-5. By differentiating 


eqn. (5) with respect to r we find the critical value of r: 
Torit = (G0,*|Bmy)[1 + 1/(Y — v) Jn (rerit/r9) + 0:39 + Co], (6) 


and the critical energy, Ferit (i.e. the activation energy required to unfault 
the large sessile loop) is obtained by substituting (6) in (5). Finally, if 
/£), (5) and (6) are taken in conjunction, maximum values of y,, correspond- 
t3 to various values of rj and C, can be found. This problem was solved 
b iteration with the aid of a digital computer, which also produced 
cc. sponding values of rerit. The derived values are given in table 5. 
The following values were used for the various constants in (6): 


G=2-7 x 10H dynes em-?, 0, — 1:65 x 10-8em, v — 0:33. 
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ABSTRACT 


shear stress-shear strain curves of Cu and «-brass single crystals have been 
tained over a wide range of alloy compositions, temperatures, initial orient- 

: md strain rates. Analysis of the work-hardening characteristics leads 
> lowing main conclusions : (i) for Cu the work-hardening rate during 
lide increases with temperature ; (ii) in «-brass stage I ends when the 
olved shear stress on the conjugate system equals the initial resolved shear 
stress on the primary system ; (iii) the extent of easy glide increases with de- 
creasing temperature and increasing alloy content, and the temperature 
dependence of easy glide decreases with increasing alloy content ; (iv) the 
work-hardening rate ô, during stage II is greater for orientations near 
symmetrical positions, and this orientation dependence is found at 4-2, 77 
and 295°K for both Cu and a-brass; (v) 6, increases with decreasing temper- 
ature, especially in the alloys ; (vi) the temperature dependence of 6,, for pure 
metals is very similar to that of the flow stress at high strains ; (vii) the work- 
| hardening rate in stage III of Cu crystals varies linearly with temperature and 
| In € ; (viii) in 70 : 30 brass overshoot is independent of temperature, but in Cu 
and the low Zn content alloys more overshoot occurs at low temperatures. 


$1. INTRODUCTION 


IT is generally considered that, in stage I (easy glide){, the dislocation 
| density is so low that a large proportion of the dislocations emitted by 
| Sources can slip out of the crystal on the primary system. Hence there is 
no appreciable hardening in easy glide. The end of easy glide coincides 
with a sudden increase in the activity of secondary sources, which interact 
with the primary dislocations, leading to an increase in the hardening rate 
in stage II (see, for example, Seeger 1957, 1958 and Clarebrough and 
Hargreaves 1959). The fall in work-hardening rate in stage III is due to 
dynamical recovery caused by the cross-slip of screw dislocations from the 
primary plane (Diehl e£ al. 1955, Seeger et al. 1957). However, the actual 
mechanism of hardening is still a subject of some controversy. ‘Three 
main theories have been proposed, in terms of piled-up groups of dislocations 
against Cottrell-Lomer barriers (Seeger 1957, 1958, Seeger et al. 1957), 


T Now at the Services Electronics 


Research Laboratory, Baldock, Herts. 
i We follow the accepted conventi oratory, 


AEEA crand adea ee 9 


: on of dividing the work-hardening curve 
for f.c.c. crystals into three stages. The parameters defining these stages are 
given in fig. 2. 
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forest interactions (Cottrell 1952, Hirsch 1958, Basinski 1959) and sessile 
jogs in screw dislocations (Mott 1960, Hirsch and Warrington 1961, Hirsch 
1962, Thornton ef al. 1962a). Very recently new theories of work- 
hardening have been proposed by Kuhlmann-Wilsdorf (1962) in terms of 
the bowing-out of dislocation loops and by Hirsch (1963) in terms of 
dislocation tangles. 

There are considerable data available on the work-hardening characteris- 
tics of pure f.c.c. metal crystals, particularly of Cu. For example, Rosi 
(1954), Garstone et al. (1956), Diehl (1956) and Suzuki et al. (1956) have al! 
investigated the dependence of easy glide and stage II of the work -ha»Jen- 
ing curve on initial orientation. Investigations of the temperature de ^n. 
dence of the stress-strain curves of Cu erystals have been made by Ble «its 
et al. (1955), Andrade and Aboav (1957), Diehl and Berner (1960: and 
Schüle ef al. (1962). More particularly, the temperature dependence . ti» 
stress at the onset of stage IIT, Tu, has been the subject of much recess 
work (Seeger ef al. 1959, Berner 1960, Haasen and King 1960, Thornton 
et al. 1962b). In spite of the considerable volume of previous work, some 
of the parameters are still subject to some uncertainty, particularly in cases 
where the existing data disagree, as is the case with the orientation and 
temperature dependence of the parameters describing stage I. Further- 
more, only limited data are available at liquid helium temperatures. 

Published data on the work-hardening characteristics of «-brass single 
crystals are more sparse. Work has been mainly concentrated on the 
initial yield point (Ardley and Cottrell 1953, Jamison and Sherill 1956, 
Brindley e al. 1962) and on the phenomenon of overshoot in «-brass 
(Masima and Sachs 1928, Von Góler and Sachs 1929, Piercy et al. 1959, 
Murphy and Calnan 1955). 

This paper describes an extensive investigation of the deformation 
characteristics of Cu and a-brass crystals over a wide range of temperature, 
orientation, strain rate and composition. The purpose of the work was to 
fill in some of the gaps in the available data for Cu crystals and also to study 
the work-hardening characteristics of a series of alloys of different stacking- 
fault energy. Some aspects of this work such as deformation twinning, the 
dependence of 7,,, on stacking-fault energy and the strain-rate dependence 
ae Pe acum published elsewhere (Thornton and Mitchell 
aa Poi ME . 1962a,b). The interpretation of other properties 

rm the subject of a further paper (Mitchell et al. 1963). 


$2. EXPERIMENTAL TECHNIQUE 

The experimental techniques for the growth, preparation and testing of 
single erystal specimens have been described in the previous papers 
mentioned above. Alloys containing 0, 5, 10, 20 and 30% Zn were grown 
and the orientations used are shown in fig. 1. Neie AOTP STES 
were obtained by use of liquid helium at 4-2?x, liquid nitrogen at TU?K 
a gas-flow cryostat between 77°K and room temperature, buie annonce 
silicone oil bath between room temperature and 500°x. Load-elongation 
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curves were obtained on an Instron table model tensile testing machine, and 
shear stress-shear strain curves were computed electronically. For the 
purpose of computation, the Cu crystals were assumed to deform by single 
glide until their tensile axes reached the symmetry plane, after which double 
glide conditions were assumed to operate. These assumptions give an 
apparent discontinuous increase in the work-hardening rate at the transition 
from single to double slip. This is due to the assumption of a sharp 
t= nsition from single to double glide (Mitchell 1962), whereas, in fact, x-ray 

easurements show that Cu crystals start to deviate from single glide 


si 


Fig. 1 


80:20 


Orientations of Cu and Cu-Zn crystals tested. 


conditions several degrees from the symmetry plane and also overshoot a 
small amount (Mitchell et al. 1963). Hence a certain degree of ‘smoothing 
over’ of the calculated stress-strain curve at the transition from single to 
double glide is justifiable. For «-brass crystals, shear stress-shear strain 
data were calculated on the assumption of single glide until the end of 
overshoot, which is recognizable on the load-elongation curve by a sudden 
decrease in the rate of work-hardening (Piercy et 2 1955), after which single 
glide on the conjugate system was assumed to oceur. Shear moduli were 


interpolated from the data of Rayne (1958, 1959) for Cu and a-brasses of 
various compositions. 
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$3. GENERAL DESCRIPTION OF THE Srress-STRAIN CURVES | 
3.1. Definitions of the Work-hardening Characteristics P 
Schematic stress-strain curves for Cu and a-brass single crystals are | 
shown in fig. 2 (a) and (b) respectively. The difference between the curves | 
is caused mainly by the higher initial flow stress, the initial yield point and 
the overshoot associated with o-brass. For Cu, 7) is defined by the first 
significant departure from the elastic line, while 7, is the initial flow stress 
obtained by extrapolation from stage I. The shear stresses Tyr Tin aNd 
rs, the corresponding strains en €n and er, and the work-hardening vates | 
Fig. 2 


-y 


| 


(b) 
Brass 


f 


Schematic Du bue d strain curves of (a) copper and (b) «-brass, showing 
efinition of the work-hardening parameters. 


ud a Sav i the three stages are as normally defined (see fig. 2 (a)). 

f ra ss there are some differences in the definitions. An initial yield 
i point occurs; 79 1s the maximum str a i 

| UEM i Stress reached and 7, is the extrapolated 

is Bus 2 88, So that 79—7,18 a measure of the size of the yield point. 

e is inhomogeneous in a-brass, and propagates by a Lüders band 

TR mechanism, as pointed out by Piercy et al. (1955). ‘Easy glide’ ends quite 
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suddenly at a stress 7,,' and strain e, after which the deformation becomes 
homogeneous. However, the transition to the linear stage IT is much slower 
than for Cu, and we distinguish between Tu and e and the extrapolated 
values 7,, and e, (see fig. 2(b)). The work-hardening rate in stage I is 
defined by 6,=(7,,;—7;)/€11- 7111 is defined as for Cu, but early on in stage 
III, having overshot the symmetry plane, a-brass crystals start to deform 
mainly on the conjugate system. The effective shear stress increases 
C'scontinuously from a value 7," on the primary slip system to 7.° on the 
conjugate slip system ; the overshoot is defined as the ratio 7,°/7,?. _«-brass 
wysials then harden approximately linearly with a slope @,,, until fracture, 
hough the behaviour is variable and the deformation is sometimes rather 
snogeneous. The transition to conjugate slip is not so clearly defined in 
:5 brass, and so the shear stress-shear strain data have been calculated 
oa the double slip assumption used for pure Cu. 


Fig. 3 
2 
kg/mm 
124 
1 
84 
p 
4-4 
2 
[9] 


5 LO 


€ 


— 


Stress-strain curves of 70 : 30 brass crystals of various orientations at 295^. 
The vertical dashed lines indicate the end of overshoot, and the transition 


from primary to conjugate slip. In this figure and figs. 4 to 7 the curves 
have been offset along the strain axis for clarity. 


3.2. Orientation Dependence of the Stress—Strain Curves 


The stress-strain curves obtained for Cu single crystals are similar to 
those published in the literature and will therefore be discussed only where 
ee disagreement exists between the present and the previously published 
data. 

Stress-strain curves for 70:30 «-brass crystals of various orientations 
deformed at 295?x are shown in fig. 3 and at 77?x in fip. 4. As with Cu 
erystals, the extent of easy glide decreases as the initial orientation moves 
nearer the symmetry plane. However, the degree of this decrease is 
somewhat smaller in alloy. crystals. For example, figs. 3 and 4 show that 
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? 5) ize) 
e—e 
Stress-strain curves of 70:30 brass crystals of various orientations at 77°K. 
Fig. 5 
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T=Twinned ] 
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Te Stress-strain curves of 95 : 


5 brass crystal 15 at various temperatures. 
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there is still ~ 25% easy glide for 70: 30 brass crystals orientated near the 
svminciry boundary compared with ~5% for Cu crystals of similar 
orientation. The remaining parameters defined in fig. 2 show little or no 
orientation dependence. In particular the overshoot vers? does not 
vary very much. At77°K the stress t and the strain Ga at which overshoot 
ends, boih increase with the distance of the initial orientation from the 
symastry plane. At 295°K this trend is far less marked. i The stress- 
stri curves for alloys containing 5, 10 and 20% Zn showa similar orient- 
‘ependence to those for 70: 30 brass. 


Fig. 6 


kg /mm* 


25 LO 


€ ——— 


Stress-strain curves of 70 : 30 brass crystal 2 at various temperatures. 


3.3. Temperature and Strain-rate Dependence 


Figures 5 and 6 indicate the temperature dependence of the stress-strain 
curves for 95:5 and 70:30 brass crystals respectively. It can be seen that 
the initial flow stress, the extent of easy glide, mux the slope of stage ILE 
and the fracture stress} all increase with decreasing temperature. These 
general features are observed also for crystals containing 10 and 20% Zn. 
The variations with temperature of 0,, and the amount of overshoot are 
rather complex, and are discussed in $$ 4.6 and 4.9 respectively. 


+ No reference will be made to the low-temperature twinning observed in 
these alloys as this topic has been discussed in a recent paper (Thornton and 
Mitchell 1962). 
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Tn general, decreasing the strain rate has the same effect on the work- 
hardening parameters as increasing the temperature. In particular 
To: T111 and 0,,, show a systematic variation withstrainrate. 'Thestrain-rate 
dependence of 7,,, has been discussed elsewhere (Thornton et al. 1962 b); 
that of z, and 0,,, will be discussed in $$4.1 and 4.10 respectively. 


3.4. Composition Dependence 
The composition dependence of the stress-strain curves is illustrate i 
in fig. 7, which shows curves for pure Cu and alloy crystals containing 
5, 10, 20 and 30% Zn plotted at three temperatures, 4:2, 77 and 2°5°xK,. 


uem 
Fig. 7 


T=Twinned 


Stress-strain curves of Cu and Cu 
77° and 295*k. The nun 
of the alloys, 


-Zn er 
übers o; 


ystals of similar orientations at 4-2?x, 
n the curves represent the zine content 


symmetry plane, and go ¢ i 
: entative compari 
i X NE LL] D 
temperatures the initial flow st ias glid pO 
giide strain e, incre 
m ase 
temperatures €u is much 
ith increasing Zn content 
Wo ES The amount of overshoot 
- Finally an examination of the 
red before the onset o£ mechanical 


the same for all the alloys. 
except at 4-2?x, where the s 
increases with increasing 
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> twinning shows that the fracture stress Increases W ith increasing Zn content 
Es ENOK i 

| over the temperature range 4:2 to 500°K (see also $ 4.9). 

Each of the main work-hardening parameters defined in fig. 2 will now 


be discussed in detail. The extensive data used in this discussion are given 
| in tables * to 5. 
§ 4. Ter WoRK-HARDENING CHARACTERISTICS 

4.1. The Initial Flow Stress, To 

»oendence of7, on orientation could be detected for any of the brasses 
t &or?95^z, However, it should be noted that the scatter is of the 
order of © cad that crystals orientated very near to the corners of the 
stere Dic beeasle were not investigated. Hence a small orientation 


Fig. 8 
e 70:30 
i o 80:20 
ane 
Ran S x 90:10 
| JL A 95:5 
| J i 
| 4 Sp m Cu 
| | [^ Q J= Jamison & Sherill 
I 
| To É S-Suzuki 


| TEMPERATURE °K —> 


| Temperature dependence of the initial flow stress 7, of Cu and a-brass crystals 
| of various compositions. The data at 4-2?k, 77°K and 295?x have been 
| averaged over all orientations. Points marked with J and S have been 
a taken from Jamison and Sherill (1956) and Suzuki (1957) respectively. 


definite increase of 7j towards the corners and edges of the stereographic 
triangle. 

| The temperature dependence of 7, for Cu and «-brass crystals is illus- 
| trated in fig. 8. The values of 7, at 4-2, 77 and 295°K were obtained by 
| averaging over all orientations ; the results at other temperatures represent 
| individual readings. Included in fig. 8 are the data obtained by Jamison 
| and Sherill (1956) at 4-2°K and by Suzuki (1957) at high temperatures. 
| It is seen that 7) for Cu increases by only about 20% between 295°K and 
l 77°K, but approximately doubles between 77?K and 4:2°K. Blewitt 


1 

} 2 c o > . 

| dependence of z, could be masked. However, in Cu crystals there is a 
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| (1953) and Andrade and Aboav (1957), on the other hand, find that 7o is 
P insensitive to temperature, while Diehl and Berner (1960) find that To 
| increases by ~75% between 295?K and 77°K. For the a-brasses, fig. 8 
shows that 7, is very temperature dependent, increasing by more than 100% 
between 295?x and 77?K and a further 20% down to 4-2?x, but above 


| 400 to 5^5^K «y is approximately independent of temperature. If the 
| data sb vn in fig. 8 are used to determine the composition dependence of 
z, i .t ~, increases rapidly with Zn content at first but then tends 
tc bove about 10% Zn, especially at higher temperatures. 
| Fig. 9 
CR nae 
^ 70:30 


8 A 4 
E e E^ — 90:10 
E | = an m G m v 
: | l E A 
z z E 
E (o x 
E 9 95:5 
: | 5 Se  — 
^o -8 x RERUM x 
x 
Ec 

| ZA 

| e Cu 

| LJ e 

2 z 

i] o? o^ io? io? io! 10° 
: pcm 
i Strain-rate dependence of ro for Cu and Cu-Zn crystals at 295^K. 
3 | Finally, the strain-rate dependence of 7, for «-brass crystals deformed at 
3 | 295°x is shown in fig. 9 where 7) is plotted against Ine. Itisseen that To 
2 P increases linearly with In e, as also observed by Berner (1960). This is to be 

i expected since we can write in the notation of Seeger (1957): 

| ap=t_-+ Ugo Do In (NZADvIe e a o o 

i so that 

| (370/0 In €), = kT fv, (2) 


where v is the activation volume. Using eqn. (2) and the data of fig. 9, 
it can be shown that v/b? ~ 2400 for Cu, ~ 1100 for 95:5 brass and ~ 750 
for 90:10, 80:20 and 70:30 brass at 295?K. 

Suzuki (1957) has suggested that the increase in z, at low temperatures is 
due to the temperature dependent elastic interaction between solute atoms 
and dislocations (Cottrelllocking), and that the high temperature plateau is 
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due to the temperature independent chemical interaction between solute 
atoms and stacking faults. "These interactions should give little or no 
orientation dependence of c, as observed in the present investigation. 


4.2. The Work-hardening Rate in Easy Glide, 0; 
In this section the main discussion will be concerned with the work- 
harden‘. rate in easy glide in Cu crystals, because stage I deformation in 


abre erysecls occurs by Lüders band propagation (Brindley et al. 1962) 
anc cins-rate is difficult to define. The values of 0; for o-brass 
c coniun tables 2 to 5 are defined by 0,2 (7,,—7,)/e;. In general 
Cue valeo cao ess than 1 Kg/mm?, but they show no consistent orienta- 
tion ort scare dependence. For Cu, 0, is strongly orientation depen- 


deni : ; d 295°x, 6, increases as the initial orientation approaches 
[001j, [:::] the (10) symmetry plane and, to a lesser extent, [101]. 
This observ. wu is m agreement with the room temperature observations 


of previous workers (Diehl 1956, Suzuki et al. 1956). 


Fig. 10 
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Temperature dependence of 0,/G for Cu crystals of four different orientations. 


There is some doubt in the literature concerning the temperature depen- 
dence of 0; in f.c.c. single crystals. Some workers believe that 0; is tempera- 
ture insensitive (Garstone et al. 1956, Andrade and Aboav 1957), others that 
6, decreases with increasing temperature (Rosi and Mathewson 1950), 
and others that 0; increases with temperature (Andrade and Henderson 
1951, Diehl and Berner 1960). The results of the present authors indicate 
that 0, definitely increases with temperature for Cu crystals, as shown in 
fig. 10 where 6;/G'is plotted against temperature for crystals of four different 
orientations. Figure 10 shows that 0,/G' is most temperature dependent for 
orientations showing least easy glide; this effect was also noted by Haasen 
(1958 a) on Ni crystals. 
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4.3. The Strain at the End of Easy Glide, e,,' 
The strain at the end of easy glide e is a more significant quantity 
in o-brass than the extrapolated value ej. Hence, in the following 
ission, we use the values of e; for «-brass from tables 1 to 5. The 
atatior dependence of easy glide is depicted in fig. 11, where the 
ientatic 2*9 and the strain en during easy glide are plotted for 
atals at 295°K and 77°K. Both the pure metal and the 
^ase in easy glide with distance from the (110) symmetry 
‘9 is still 10-20% easy glide near the (110) symmetry 
These observations are in agreement with previous 


Gu and € 


Fig. 11 


80:20 
77*K 


Orientation dependence of the strain associated with easy glide, 1, for Cu and 


Cu-Zn crystals. e © indicates the change of orientation during 
easy glide. 


work on Cu at 295?x (Rosi 1954, Diehl 1956, Suzuki et al. 1956), and at 
77° (Andrade and Aboay 1957). Figure 11 shows that «u is less orien- 
tation dependent in the alloys, varying by a factor ~2 in 70:30 brass 
compared with ~10in Cu. Easy glide usually ends well before the orien- 
tation of the tensile axis reaches the (110) symmetry plane except at low 
temperatures and for a-brass crystals initially orientated near the (110) 
symmetry plane. 


P.M. 
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For all orientations e, increases strongly with decreasing temperature. 
Direct comparison between Cu and the alloys of various zine contents is 
difficult because of the differing orientations. However, the ratio, 
eu [e11 (77), of the easy glide at a particular temperature to that at 77°K is 
plotted against temperature in fig. 12 for Cu and each alloy. The smooth 


curves in fig. 12 for each Zn content have been somewhat idealized because 
of the sextter, but it is quite clear that the temperature dependence of e^ 
dee : “th increasing Zn content, except for 95:5 brass which appears 


to lie o: same curve as for Cu. Thus the ratio e, (77)/e (295) is 
»5 for CA 5 for 95:5 brass, 1:5 for 90: 10 brass, 1:35 for 80: 20 brass, 
and 1-2 for 70:50 brass. 


Fig. 12 
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Temperature dependence of the easy glide strain relative to that at 77°K, 


eu / €u (77), showing the decrease of temperature dependence with 
inereasing Zn content. 


The present authors have deformed insufficient crystals of fixed orien- 
tation to determine the composition dependence of e, without ambiguity. 
However, fig. 13 shows ep plotted against % Zn content for crystals 
initially orientated at approximately the same angle (~ 10°) to the (110) 
symmetry plane. Curves at four temperatures, 4-2, 77, 295 and 473°K are 
given. It is seen that e is much more composition dependent at high 
temperatures than at low temperatures. At low temperatures, there 
appears to be a maximum at 5% Zn in the e; versus % Zn curves. This 
may be genuine, or it may be due to the selection of orientations. However, 
Schröder (1959) has also noted such a maximum, at about 0:76% As, in the 
Cu-As alloy system deformed in easy glide at 90°x. 
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4.4. The Stress at the End of Easy Glide, c4, 


The orientation dependence of 7,; for Cu is much the same as that of 
e, except that 7,, increases more rapidly towards the corners of the stereo- 
graphic triangle, as pointed out by Diehl (1956). 74,’ for «-brass crystals 
appears to be largely independent of orientation in the same way as Tg. 
"t temperature dependence of 7,,' for the alloys is almost exactly the same 
c5 that of 7) in fig. 8 except that tı is about 10% higher than 7,. In 

ntrast, ,, is a factor of 2 or 3 higher than vg for Cu and is considerably 

ore orientation dependent. 7, is approximately constant above room 


Fig. 13 
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Curves of e, versus % Zn for «-brass crystals at various temperatures. 


temperature but increases by a factor of ~ 2 down to 4-2°xK at all orienta- 
tions. ‘This is in contrast to the observation of Hiaasen (1958 a) on Ni, that 
crystals unfavourably orientated for easy glide give values of Ty that 
decrease slightly with decreasing temperature. 

There seems to be some controversy in the literature over the quantity 
(t,—7 9). Rosi (1954) and Garstone ef al. (1956) found that (1, —79) was 
independent of orientation for Cu, Al and Ag crystals, while it is apparent 
from the results of Diehl (1956) and Suzuki et al. (1956) on Cu and Haasen 
(1958 a) on Ni that (r4; — 79) is orientation dependent. The present authors’ 
results in table 1 also indicate that (7; — To) is not independent of orienta- 
tion for Cu. 

From fig. 11 it appears that the conjugate slip system is important in 
influencing the extent of easy glide. This suggests that the resolved 
shear stress on the conjugate system at the end of easy glide, z^, may be a 
quantity of some significance. The ratio 7,,°/7) for Cu and a-brass crystals 
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į- i 

at various temperatures is given in table 6. It is Ren that, except for zm 
and low Zn content alloys at low temperatures, 7,°/7) = 1 to agood ae Í 
mation. Thus easy glide in «-brass crystals ends when Che Rires ont D 
| conjugate system is equal to the initial flow stress. This fact is consis e 
" with the view that conjugate slip sources are locked by solute CHO gua 

that the stress required to operate a source is largely controlled by the st is 

to unlock the dislocations from their solute atmospheres, so that x in 

conjugate sources are not hardened to any great extent In easy gide. 

Further discussion is given in $5.2. 


| Table 6. Average values of 7,,5/r, for Cu and a-brass crystals at va::»us 
| temperatures 
Metal LPK TK 295*K 
"n [ » 
4d Cu 22 m 14 | 
95:5 | 15 13 L0 
90:10 1:0 1:0 0-9 
a 50:20 | 11 10 L0 
By 70:30 | 10 1-0 0-9 


‘The limits or error are better than +0-1 
forallvalues. There is little dependence 
on orientation. 


4.5. The Transition from Stage I to Stage II in «-brass 


E From figs. 3 to 7 it is seen that the transition from the end of stage I to 
| the beginning of the linear stage IT regionis quite slow. In table 7 we have 
" given a measure (ej; — e") of the width of this transition region for each | 
alloy at 4-2, 77 and 295?x. Table 7 shows that (€i — €) increases with | 
decreasing temperature; no consistent variation witl 
content could be established. 
erystals is not fully understood. 


h orientation or Zn | 
This large transition region in o-brass 
A possible explanation is given in $5.2. 


y r7 g 1 
Table 7. Average values of (€ — €) for o-brass crystals at various 


temperatures 


4.6. The Work-hardening Rate in Stage II, 6,, | 
At 295^x values of 0 


11 increase towards the corners and ede 5 | 
s es of the 
standard triangle, in particular toy T 


| e vards the [001 J-[111]zone. This result 

agrees with previous observations (Rosi 1954, Diehl 1956 and Suzuki et al 

i m ; room-temperature orientation dependence persists down 
0 // and 4-2" & in spite of the fact that at these lower t r 

rather than single-slip conditions i pee 


prevail during the latter half of tage IT 
For alloy crystals the available data are more sparse but [m CON 
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same general orientation dependence as for Cu. (Contrast the orientation 
independent behaviour of 7) for the a-brasses.) Thus it may be inferred 
that 0,, in «-brass, as well as in Cu, is influenced by the amount of secondary 
slip, which is orientation dependent. 

The temperature dependence of 0;,/G for Cu and a-brass crystals is shown 
in fic. 14. For Cu crystals of all orientations 0,,/G. is independent of 
terapcrature above 295?K, increases slightly between 295°K and 77°K and 
in--eases by 10-20% between 77°K and 4-2?x. This temperature depen- 
coace occurs both for crystals which deform completely by double slip 


o 100 200 300 400 500 
TEMPERATURE °K —— 


Temperature dependence of 0,,/G for Cu-Zn. erystals of various orientations. 


(e.g. erystal s7), and for erystals in which double slip begins in stage TII 
at high temperatures and in stage IT at low temperatures (e.g. crystal 16). 
Such a temperature dependence of b}, has been reported previously by Diehl 
and Berner (1960) in Cu, Haasen (19582) in Ni and Berner (1960) in Al. 
Figure 14 shows that for 95:5, 80:20 and 70:30 brass, 0,,/G has a similar 
temperature dependence to that of Cu, increasing by factors of 20%, 40% 
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and more than 200% respectively between room temperature and 4-2°K. | 
However, the behaviour of 90: 10 brass is completely different, since 0,,/G | 
decreases slightly with decreasing temperature. This anomaly may be 

connected with the occurrence of deformation twinning before the end of 

stage II at low temperatures for all the orientations of 90: 10 brass given 

in fig. 14 (Thornton and Mitchell 1962). There are several other effects 

which may lead to a temperature dependence of 6,,/@ in f.c.c. metals and 

alloys: 


decreasing temperature. 


| (2) Therelative hardening of the secondary systems may be tempere... e 
D dependent so that less secondary slip may occur at low temperats: 
1 
| 


| 
(1) The flow stress at a given dislocation distribution increases :^:h 
hi as indicated by the overshoot data described in § 4.8. 


A (3) In the higher Zn content alloys deformation twinning only coccrs ^ 
l on a very small scale in stage IT, so that this may lead to a tempera- 
l ture dependent hardening effect. 


| These various complex effects will be discussed in a further paper on work- 
Pol hardening (Mitchell et al. 1963). 

i If the values of 0,,/@ in tables 1 to 5 are averaged over all orientations 
(neglecting the results for 90:10 brass), it is found that the temperature 
| dependence of 6,,/G@ increases with increasing Zn content. Also the varia- 
| tion of 0,,/G with composition is less at low temperatures. For example, 
| at 295°K 0,,/G decreases monotonically with Zn content from 3-5 x 10-3 
* for Cu to 2-1 x 10-? for 70:30 brass; the corresponding values at 4-2?x are 
} 4 x 10-*and 3-7 x 10-3. The behaviour of Cu-Zn alloys should be contrasted 
ig with that of Ni-Co alloys (Meissner 1959, Pfaff 1962, Pfeifferand Seeger 1962) 


| i for which 6,,/G is independent of composition and temperature 
+ 5 


|f 4.7. The Stress 7,,,, and the Strain, ey; 


In this section the discussior 
dence, because other as 


at the Onset of Stage ILI 


n Of 7, is limited to its orientation depen- 
pects of 7,,, and its theoretical interpretation have 


No data have been 


on moves towards [111] 


l 

and by a factor ~ 1 | 
T ~ 1:5 towards [001] and [101]. On the other hand, for | 

| 

| 


alloy crystals the data indicate that, within th 
(~ 2076), Ti is independent of orientation 

The orientation dependence of e 
dependence of « (s 


is shown in fig. 15 as a function of Z 


€ scatter of the results 


: Ei 

> Zn increases, 

ure decreases until, for 70:30 brass 
> 


dent of temperature, i.e. for this alloy 
7115 7; and byy compensate each other. 


eu eit (rii —75)6,) is indepen 
| a cs the temperature dependence of e 
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4.8. Overshoot in Cu and a-brass 


X-ray orientation determinations were made during the deformation of 
Cu and a-brass crystals at 77°K and 295°K. Deviations from single 
glide conditions were obser ved in Cu crystals (Mitchell et al. 1963), and all 
crystals were observed to overshoot the symmetry plane. 

I 79:30 and 80:20 a-brass the end of overshoot and the onset of 
cor «ate slip coincide with a sudden decrease in the work-hardening rate 
(so Jos.3and4). In Cuitappears that there is no sudden end to overshoot, 


Fig. 15 


100 200 300 400 500 
TEMPERATURE °k ——-— 


Temperature dependence of e, for Cu, 90 : 10 and 70 : 30 brass. 


Table 8. Average values of the overshoot 7;°/r,? in Cu and Cu-Zn alloys 
and other pure metals at various temperatures 


Metal TTK 295 K 
70 :30 brass 1-28 1:29 
80 ; 20 brass 1:26 1:25 
90 : 10 bra 1:21 115 
95 : 5 brass c 1:16 1-11 
Cu =) 1-09 1:07 
Cu == — 1:08 
(Sachs and Weerts 1930) 
Au = — 1:06 
UA) 
Ag == — 1:07 
(n ) : 
= — 1-04 
(ssw ald 1933) 
= — 1-02 


(lanier and Maddin 1959) — 


but rather a gradual inerease in the ratio of conj ugate to primary slip as the 
tensile axis drifts across the symmetry plane. The amount of overshoot 
has been defined in $3.1 by the ratio 7,°/7,?, values of which are quoted in 
tables 3 to 5. 

No orientation dependence of overshoot could be detected. Average 
values of 75/73? for Cu and the Cu-Zn alloys at various temperatures are 
given in table 8; also included in table 8 are values of rs°/rs? for other pure 
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metals determined by other workers at room temperature. It is seen that 


all pure metals overshoot by approximately the same amount (~ 1-07) 
except for the smaller value (~ 1-02) for Al. Values of 7s°/7s? are plotted 
against temperature for the a-brass alloys in fig. 16. It is seen that the 
overshoot is independent of temperature for 70 : 30 brass (in agreement with 
previous work by Piercy et al. 1955 and Murphy and Calnan 1955), decreases 
slightly with inereasing temperature for 80 : 20 brass and decreases st 
with increasing temperature for 90:10 brass. Such a temperoiure 
dependence of 7;*/7,? has not been reported previously. Further da?» we 
required to determine the complete temperature dependence for 52:5 
brass and for pure Cu. From fig. 16 the composition dependence of cer- 
shoot at various temperatures can be determined. At 4:2°x the overshvot 


oly 


Fig. 16 


T 
100 200 300 


4 
TEMPERATURE °K ——» ey omy, 


3 Ts 


Temperature dependen 
ce of th S s i 
p € overshoot z5/7.? in Cu and a-brass crystals. 


? pooo ximately independent of % Zn between 10 and 30% Zn; at 77° 
or ond Gen ipod with % Zn especially eies O ora 1097 
S N Pa a nonr moreases approximately linearly with Zn 
NAR emperature results are in good agreement witl th 
2 ercy et al. (1955) and of Murphy and Caln. 1 d 
he values determined by von Géler and Sacl nos um 
lower than our data. For all Zn contents ds s 


determined by von Góler and S 
à b ; 
in fig. 16. chs are 5% 


However, 
are significantly 
of the overshoot 
smaller than the values given 


4.9. The Work 


Stage III has been called 
ponded to the parabolic st 


-hardening Rate in Stage III, 6 


the parabolic hardening region 
Tess-strain curves of 


111 


, Since it corres- 
Al crystals obtained by 
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early workers (e.g. Karnop and Sachs 1927). However, there is often a 
marked linear region in stage III of Cu single crystals. This linear region 
is difficult to define at low temperatures, especially when deformation 
twinning intervenes early on in stage III. The behaviour of a-brass in stage 
III (after the end of overshoot) is usually rather irregular, since conjugate 
slip propagates inhomogeneously, and 8, probably has a different signi- 
ficance in a-brass than in pure Cu. 

Tt» orientation dependence of 0,,, for Cu at 295?K is very similar to that 


of © , although the scatter is rather large. Hence 6/0, is approximately 
in ndent of orientation, so that the rate of dynamical recovery due to 
crc sip is approximately independent of orientation at a particular 


Fig. 17 


87 kg/mm? 


T T 
100 200 300 400 500 
TEMPERATURE *K——- 


"Temperature dependence of 0,/G. for Cu crystals of two orientations and the 
strain-rate dependence of 0, for Cu single erystals. 


temperature. 6;/G is plotted against temperature for Cu crystals of two 
orientations in fig. 17. It is seen that 0,,,/@ decreases linearly with 
increasing temperature at a much more rapid rate than 9,,/@ (see fig. 14), 
because cross-slip is much more prevalent at high temperatures. This 
pronounced decrease of 6111/01, with increasing temperature is to be contras- 
ted with the temperature independence of 0:1,/0,, observed by Haasen 
(1958a) in Ni crystals. We found 04, to be significantly strain-rate 
dependent in much the same way as Tur. 0,4 increases linearly with 
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| " In é as shown in fig. 17 for Cu crystals 17 and s13. If the data of fig. 17 

| | are combined, it appears that 4,,, is governed by a relationship of the type: | 
bai PRO= CG on a .... 0 

| | where é~ 1012sec7! and C ^ 1-4 x 10-* deg K™. 

Y 


The values of ô for a-brass are widely scattered, but tables 2 to 5 
indicate that 0,,, tends to decrease with increasing temperature, although 
the behaviour is rather irregular. 


4.10. The Fracture Stress, vt 
The fracture stress rr is defined as the stress at which necking bes: 


just before the actual fracture. Values of 7; tend to be widely scatter 
No consistent orientation dependence of 7; could be detected for Cu <: 


Fig. 18 
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| 
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; Temperatur ene SCIT i 
LE I e dependence of ay erage values of z;/G for Cu-Zn crystals 


70:30 brass, although 7; appears to decre ; 
mus à a l 7 rar 2 
This is probably fortuitous since, if 7, i se slightly towards [001] for Cu. 


Zn alloys in fig. 18. The data at low 
since many of the low Zn content alloy 
many of the higher Zn content alloys 
extreme ductility. rr increases by 
and4-2?k. Nosimple relationship 
ture, such as the linear dependence 
Andrade and Henderson (1951), 
increases with % Zn content; fo 
Cu and 6/130 for 70:30 brass, 


m temperature 
7r and tempera- 
on temperature suggested by 
e seen from fig. 18 that 74/G 
at 4:2°R zr is about G/250 for 


could be found between 
e of z13 
It can b 
r example 
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4.11. The Strain of Fracture, er 
It can be shown that er has much the same orientation dependence as €,, 
(see fig. 11). eris plotted against temperature in fig. 19 for one orientation 
each of Cu, 95:5 brass and 70:30 brass. (The curves for 95:5 brass and 


90:19 brass, and for 80:20 brass and 70:30 brass are nearly coincident.) 
The temperature dependence of e; for Cu is comparable with that of e, and 
€, ^ hough er increases by only 50% between room temperature and 4-2°K. 
The tent of stage IIT, (er— e1). increases considerably with decreasing 
cere sxture, whereas Haasen finds (er— €111) to be independent of tempera- 
tue. Dor Ni. For 70:30 brass e; increases by a factor of more than 2 
be. on 295°K and 4-2?x, and the factor may be even greater since many 
alc czystals showed no signs of fracture even at shear strains of over 300%. 
Fig. 19 
30 4 


1 
"A 
D 


[9] 
100 200 300 400 500 


TEMPERATURE °K —— 


Temperature dependence of er for Cu, 95 : 5 brass and 70 : 30 brass crystals of 
various orientations. 


4.12. Further Deformation Characteristics of Cu and a-brass 


A phenomenon peculiar to deformation at the lowest temperatures 
(4-2°x) is the observation of discontinuous slip (Blewitt et al. 1957). This 
is recognized on the recorded load-elongation curve by a series of serrations, 
i.e. sudden relaxations of the load, followed by elastic hardening up to the 
original load. Discontinuous slip seems to occur in all metals deformed 
at 4-2°K, e.g. both polycrystalline and single-crystal specimens of Cu, 
a-brass, Al, Au, Pb and Ni; in Cu it begins at a stress level ~ 14 Kg/mm?; 
the load drops, which increase in Magnitude with increasing strain, are of 


the order of 1% of the load. In addition the frequency of load drops 
increases with strain. 
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inous slip have been advanced in terms of 
astic flow due to high stress concentrations 
) and in terms of the thermal instability 


Two explanations of discont 
the mechanical instability of pl 
(Seeger 1957 and Haasen 1958 a, b : ) Bs 
of plastic flow due to the approximately adiabatic conditions at low 
temperatures (Basinski 1957, 1960). Although mechanical instability 
probably causes an initial burst of slip, it seems plausible that the heat 
generated by this slip cannot escape, due to the low thermal conduct ivity 
and specific heat, and hence warms up the lattice locally with a consequent 
drop in the flow stress. These temperature rises have in fact been detected 
by Basinski (1960). The behaviour of a-brass at 4:2?k differs somew ht 
from that of Cu. In a-brass a kind of discontinuous slip is observed 
immediately after the onset of plastic flow in easy glide. This init: 
discontinuous slip does not have the regular appearance of the discontinuc: s 
slip observed in Cu, but resembles more closely the high temperati 
jerky flow observed above room temperature. This initial discontinuci:s 
slip virtually disappears during stage II. During stage III the normai, 
regular discontinuous slip appears. It is possible that the discontinuitics 
observed in stage I with o-brass deformed at 4:2°K are caused by the fact 
that the stress to unlock a source from its Cottrell atmosphere is much 
greater than the stress required to propagate the dislocations through the 
lattice, so that large amounts of heat can be generated through the kinetic 
energy of the dislocations. 

At temperatures above room temperature «-brass shows the phenomenon 
of repeated yielding or jerky flow (Ardley and Cottrell 1953), which causes 
the stress-strain curve to be irregularly serrated, superficially similar to 
discontinuous slip at 4-2°x. Repeated yielding starts to occur in both 
sedent and polycrystalline specimens of a-brass at about 300°x, 
375°K or 450° according to whether the Zn content is 30, 20 or 10% 
respectively, Hence the frequency of repeated yielding increases with 
increasing temperature, Zn content and strain. 
been interpreted by Bolling (1959) 
dislocations. 


í These phenomena have 
1n terms of the diffusion of Zn atoms to 


$5. DISCUSSION 
5.1. Stage I (Easy Glide) 

Work-hardening In easy glide is difficult to treat theoretically because the 
slip distance is comparable with the crystal diameter. The only quantita - 
T theory is that due to Seeger et al. (1961). This is a modification of ihe 
pile-up model of stage IT, but the pile-ups are considered to be much longer 

o 


than their separation so that it i ffici aleula 

ieee 2 1S sulficient to c inter, io 
between individual dislocations on parallel slip e ih i cr 
that I . 18 calculated 


0,/G= 8/97(a/L,)3/4, 
where « is the slip-line spacing and 7, 
tions. Good agreement is found w 


- (4) 
ais the slip distances of screw disloca- 
ith experiment. Seeger et al. (1961) 
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discovered that x and L, are approximately constant for Cu in easy glide. so 
that n, the number of dislocations in a slip line, must increase gradually with 
strain. The work-hardening rate given by eqn. (4) is in reality the tem- 
perature independentpartOg. However, Thornton et al. (1962 a) found that 
+y/7¢ is large in easy glide for Cu (usual notation), and hence 6; may also 
be comparable with Ôg. Furthermore, 0,/G decreases quite strongly with 


decreas : temperature (see fig. 10), and all of the easy glide parameter are 
irongly esentation dependent. None of these experimental facts is 
ieorpors iv explained in the theory proposed by Seeger etal. However, 
6 eanne uted that the theory may give an adequate representation of 
Ja for crys °s orientated in the centre of the stereographic triangle. 
On the i sory of work-hardening, the reason for the gradual operation 
of sources i v glide is presumably that sources are not highly jogged as 
in stage If. ‘ine work-hardening rate is small in easy glide because less 


secondary slip occurs. On the other hand 6, is very orientation dependent 
because the amount of secondary slip increases towards the positions of 
high symmetry in the stereographie triangle. Similarly 0, increases with 
temperature because secondary slip is less prevalent at low temperatures. 
This may be due to secondary sources being thermally activatable because of 
the presence of glissile jogs. A similar explanation can be put forward 
in terms of the hardening due to forest dislocations produced by secondary 
slip. 
5.2. The Transition from Stage I to Stage IT 

Secondary slip occurs extensively at the end of easy glide, impeding 
primary slip and leading to the irregular dislocation ‘cell’ structure 
typical of stage II (Howie 1961, Steeds 1963). It was shown in $4.4 that 
stage I in «-brass ends when the stress on the conjugate system is equal 
to the initial flow stress. This does not necessari ly imply that the hardening 
on the conjugate system is less than that on the primary system, but rather 
that the operation of conjugate sources is still largely dietated by the 
unlocking of dislocations from their solute atmospheres, in spite of the 
inerease of primary dislocation density during easy glide. In Cu crystals, 
ontheotherhand, easy glide ends when 711° is greater than 7, at low tempera- 
tures and approximately equal to 7, at higher temperatures. ‘This implies 
again that the operation of secondary sources in Cu at the end of stage I is 
thermally activated due to the presence of, say, glissile jogs. The operation 
of secondary sources will be impeded by the accumulation of jogs or by forest 
dislocations during stage I, and at low temperatures less thermal energy will 
be available to help move the jogs or overcome the forest interactions. 

The long transition from stage I to stage II in a-brass (see $4.5) is not 
fully understood. It is possible that, because the stress on the conjugate 
System is only just above the unlocking stres 
operate veryextensively. Onlyw 
To Will secondary sources oper: 
will increase in proportion to t 
Ing rate. 


s, conjugate sources will not 
hen the stress is considerably higher than 
ate extensively and then the secondary slip 
he primary slip, giving a linear work-harden- 
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5.3. Stage II 


Tt is interesting to compare the temperature dependence of 6,,/G with the 
reversible temperature dependence of the flow stress at high strains. 
Tn fig. 20 we have plotted the ratio of 6,,/@ to that at 4:2?x, 0,, (4:2)/G (4-2). 
against temperature for Cu, Ni and Al, and compared with the corresponding 
flow stress ratio, r/C 2 (4:2)/G (4-2), for Cu, Ni and Al. The temperature 
variation of 0,,/6 and 7/G for the three pure metals is seen to be remarkably 
similar, except that in each case the 0,,/G curve lies somewhat below the 
| flow-stress curve. ‘Thus the temperature dependence of both quantities 
i is probably due in part to the same cause, namely the variation cf She 
i temperature dependent contribution to the flow stress Ts. Physical 
| interpretations of Ts have been discussed in a previous paper (Thorn on 


et al. 1962 a). 


Fig. 20 


, RATIO 


| TEMPERATURE *K 


Comparikon oe one of the ratio of the flow stress and the work-hardening rate 
ins Bee lob mes e ne K against temperature for Cu, Niand Al crystals 
-|Glr(4-2)/G(4-2) ; — — — — 6,816, 4:2)/60:2). 


s ME for the variation of 0,,/G fits very well for pure metals 
a eer ro 2 mo E e temperature dependence of 
£ s a great difficulty, especial] 1 R | 
| e Ed o 80: 20 brass is so much E e o ere odo | 
| boxe pe à T : ne faults is observed by transmission electron | 
P RU d i x Nc at low temperatures small twin nuclei are | 
e c ‘ -8 Kg/mm? (Venables 1961); these nuclei d t | 
propa s um m Stress relation on the recorded deus m | 
wi ve pee! 1962), but they could easily lead to additi sul | 
: luring stage II at low temperatures. I o^ | 
e e Me occurs catastrophically at the ee 
ge III. The room r: iati A 
content is probably connected mop e "m » ae ps De | 
slocation distribution | 
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with alloy content (see Howie 1961 and Swann and Nutting 1961). As the 
alloy content is increased, the cell structure typical of deformed Cu disap- 
pears and dislocations become more and more confined to their slip planes ; 
less secondary slip occurs and hence the work-hardening rate is lower. 

The relationship between the relative amounts of primary and secondary 
slip and the greater hardening on the conjugate slip systems will be discussed 
in a further paper (Mitchell et al. 1963). 


§ 6. CONCLUSIONS 

(i) The initial flow stress rọ increases with decreasing temperature, 
increasing alloy content and increasing strain rate; vy for «-brass is largely 
‘ocependent of orientation. 

^i) For Cu crystals the work-hardening rate during easy glide, 0j, 

:oreases with temperature; secondary slip is probably more prevalent in 
sy glide at higher temperatures. 

(iii) In «-brass stage I ends when the resolved shear stress on the conju- 
gate system is equal to the critical resolved shear stress on the primary 
system. "Thus the operation of conjugate sources is still dictated by the 
unlocking of dislocations from their solute atmospheres. In Cu at low 
temperatures, easy glide ends when the stress on the conjugate system 
is considerably greater than 7), because of the greater hardening on the 
secondary systems which has occurred. 


(iv) The extent of stage I increases with decreasing temperature and 
increasing alloy content. The temperature dependence of easy glide 
decreases with increasing alloy content. 


(v) The work-hardening rate, 0,,, during stage II increases towards the 
corners and edges of the stereographic triangle. This orientation depen- 
dence persists in Cu crystals down to 77°K and 4-2?x, where crystals of 
all orientations deform by double slip during stage II. 


(vi) The temperature dependence of 0,, for pure metals is very similar 
to that of the flow stress. This temperature dependence of ĝi, is more 
marked in the alloys, especially 70:30 brass. At room temperature 0; 
decreases with increasing Zn content. 

(vii) The work-hardening rate, 0,,, during stage III varies linearly 
with temperature and In é in Cu crystals. 

(viii) Overshoot occurs in both pure f.c.c. metals and alloys. For 
10:30 brass this overshoot is independent of temperature, but for the Cu 


and the lower Zn content alloys overshoot increases with decreasing 
temperature. 
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ABSTRACT 


A Geiger counter x-ray diffractometer with nickel filtered and crystal 
monochromatized CuK, radiation has been used to record (111), (200), (222) 
and (400) reflections from copper deformed by filing. Pure diffraction line 
profiles have been recovered by Fourier analysis by Stokes' (1948) method. 
The sample of filings of copper gave a deformation fault probability 
x 23:6 x 10-? and twin fault probability 8'—0-0067. The faults disappear on 
annealing the sample at 100°c and the broadening at 100?c and at subsequent 
temperatures has been attributed to lattice strains and domains. In the cold- 
worked copper the calculation of the minimum dimension for the fault plane 
shows that the stacking-fault planes exist over regions considerably greater 
than the value obtained by the formulae of dislocation theory. 


$1. INTRODUCTION 


Tue study of x-ray reflections from cold-worked metals has been a subject 
of considerable interest since the work of van Arkel (1925). Early works of 
Smith and Stickley (1943), Stokes et al. (1943) and Megaw and Stokes 
(1945) have supported the strain hypothesis. Smith and Stickley (1943) 
found that the plot of physical broadening versus tan 0 was a straight line 
whereas the same results plotted against sec 0 indicated a negative value of 
B at AsecÓ—0, which is physically absurd. They therefore attributed 
the broadening to lattice strains only. Subsequent development of better 
experimental techniques of counter diffractometry and the works of Warren 
and Averbach (1952), Patterson (1952), Williamson and Hall (1953) and 
Wagner et al. (1962) have shown that the picture of cold work in a metal was 
unfortunately not so simple as envisaged by earlier workers. The broadening 
is now generally attributed to the presence of one or more of four different 
causes, viz. small coherently diffracting domains, strains in the lattice, 
stacking faults and spacing faults. Most of the studies carried out so far 
on the interpretation of x-ray line broadening are based either on the 
analysis of line shapes or line breadths or on the analysis of both. Different 
forms of correction factors for instrumental broadening have been assumed 
by different workers and a paper by Schoening et al. (1952) gives a good 
account of all the methods. 

The preliminary study of copper filings by Stokes et al. (1943) was carried 
out at a time when improved experimental techniques, better methods of 
analysis like the one due to Stokes (1948) and the idea of faults were not 
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f copper filings Anantharaman (1959) 


mown. In a subsequent study o ee 
m : haraman and Christian 


has used an analytical expression described by Anant wan ee 
(1956) for eliminating the instrumental broadening which is none. 7 ays . ne 
but may be expected to give approximate results. Whereas Ue ear tor 
work shows evidence of anisotropic lattice strains the later work rules out 
any such possibility. Rama Rao and Anantharaman (1962) Have ice: 
the integral line breadths of x-ray reflections from hexagonal close Uno zec 
cobalt, using the same analytical expression, and have shown that ela eue 
anisotropy does not play any prominent role in the distribution of inttice 
strains. A similar study on h.c.p. cobalt by Halder (1963) by obtainir g puro 
diffraction breadths has revealed the distinct anisotropy of lattice si sse 
and strains. Study of pure diffraction breadths on molybdenu: : 1 
Agnihotri (1963) yielded results comparable with those obtained by ne- 
profile analysis. ‘The precise nature of the cold-worked state may therc cto 
be obtained by the analysis of pure diffraction breadths and this piper 
reports some of the results for copper filings. 


$2. EXPERIMENTAL 

Spectroscopically pure copper rods supplied by Johnson, Matthey & Co., 
Ltd., London, were used for preparing the samples. Spectroscopic exami- 
nation revealed that the copper rod contained an estimated amount of 
three in a million nickel and lead, one in a million of silicon, iron and lithium, 
0:5 in a million of silver and manganese and less than one in a million of 
sodium, potassium, magnesium and calcium. Filings from these rods 
were prepared by controlled cold working and were passed through a sieve 
of 325 mesh per square inch. Out of the filings five samples were annealed, 
each for four hours but at different temperatures 100, 200, 300, 400 and 
500°c in an electric vacuum furnace. The temperatures were measured 
with the help of a calibrated chromel-alumel thermocouple, with an accu- 
racy of +2°c. Flat-faced briquets of the cold-worked and annealed 
materials were prepared with a binder of 10% Ducocement in acetone. 
The line profiles were obtained using a NORELCO Geiger counter x-ray 
selon, Woher cu T E TTE 
near the peak and 0-05? in 20 over the us 1 7 = oe Dn e. 
ments were made to maintain a constant on Wie uM C HUM 
ment. Corrections were applied for th PEN E E n AR 
: e dead time loss of the counter 
(Klug and Alexander 1954). The corrections were always of the order of a 
N Pog cent. By plotting counts versus angle line polos of (111), (200) 
(222) and (400) reflections were constructed at different fermperaturest 

$3. STUDY or LiNE BREADTHS 


Stokes' (1948) method has been used for c i i 
) : orrecting for instr 
broadening. Line profiles obtained from the sample pode beum 


wereusedasstandard. Fourier coefficients expressi 
= essing th in 
obtained by use of Beevers and Lipson Pune pa PaT anenee 
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The integral breadths of the lines can be obtained from pure diffraction 
ofiles or directly from the Fourier coefficients by the use of the formula: 


B c s +34, cosnX +B, sinn) | 5 


here X is the line shift as discussed by Patterson (1959). B values were 
a analysed by Cauchy line-broadening relationship discussed by 
"/iamson and Hall (1953). fis given by: 


S A 
B=2étan 6+ —— , 
tcos 8 
"vhere tis the domain dimension and f is in radians. A plot of Bcos6/A 
versus 2 sin 0/A will therefore give domain sizes and lattice strains. Figure l 
shows this plot. 


Fig. 1 
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for (111), (200), (222) and (400) reflections of spect ically - 
worked and partially annealed copper dir Mesue Dum 
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s and lattice strains as determined 


igure 2 rs the plots of domain size ; 
D PNE action breadths versus Bragg 


from fig. 1, and fig. 3 shows plots of pure diffr 
angles at constant temperatures. 


Fig. 2 
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Plots showing variation of domain sizes and lattice strains along different 
directions. 


$4. CALCULATION OF STORED ENERGY AND DISLOCATION DENSITY 


Elastic stored energies at different temperatures have been computed by 


the formula recently developed by Faulkner (1960). Faulkner showed 
that in an isotropic medium: 


v= 15E AD? 

2(3—4) + 82) \ D 
where y is Poisson's ratio, (AD/D)? is the mean square strain and H is 
Young's modulus. Contributions to the dislocation density have been 
determined separately from particle size, i.e. Pp, and from lattice strain, 
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Fig. 3 
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Pure diffraction broadening f against Bragg angle. 


i.e. ps (Williamson and Smallman 1956). The true dislocation density is 
Ptrue = (ppps)!?. The plots of elastic stored energy and dislocation density 
are shown in fig. 4. 


$5. DETERMINATION OF FAULT PARAMETERS 


The line profiles for the cold-worked metal were slightly asymmetric. 
The deformation stacking-fault probability was determined from the 
change in the separation of (111) and (200) reflections. Because of 
asymmetry of the peaks the point of maximum intensity has been taken as 
a reference point for the measurement of peak displacements. In order to 
get the measurable values of peak shifts the following procedure was adop- 
ted: 

(20, = 20599) )cold worked — (201,9 = 20200” annealed 


= (A(20))), — (A(20) X200 
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; ^a x 
ES (A(209)) — (A(26°) J200 = H.a, 
pe J£ — ((6)J . tan 09), — (KG) . tan 8) 99. ie : 
J P reflections have been taken from the 
n values of (65J for 111) and (200) reflec ; zu 
E r uc nu The deformation stacking-fault probability œ 
was found to be 3-6 x 1073. 


Fig. 4 
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y with temperature for 


The twin fault probability 8' has been determined from the recently 
developed method of Cohen and Wagner (1962) which is based on the 
displacement of the centre of gravity of a peak 
AC.G. The displacements for (111) and (200) peaks are related to B' as: 

A C.G. (269). — 118' tan o 
A C.G. (289), — — 14-66’ tan Chan? 
B' was found to be 0-0067. 


from the peak maximum, 


$6. DISCUSSION 


It is evident from the graphs of fig. 1 that at a particular temperature 
all the points due to (111), (200), (222) and (400) reflections do not lie on a 
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singlestraightline. The scatter of points indicates the anisotropy of copper. 
2s therefore decided to join the points due to (111), (222) and (200), 
flections separately. Evaluation of domain sizes and lattice strains 
his graph at different temperatures indicates that domain sizes along 
wa 111 direction are slightly greater than those along the 100 direction, 
»a8 the values of lattice strains along the 111 direction are slightly less 
n those along the 100 direction. Such directional variations in certain 
^. metals have been reported previously by Smallman and Westmacott 
57) and Schoening and van Niekerk (1955.) 

‘The difference in domain sizes along different directions however depends 
| «pon the amount of faulting, as itis well known that faults produce a particle 
‘xe type of broadening (Warren and Warekois 1955). The amount of 
ng in copper is however very low at room temperature, due to its 
zecovery. A similar value of deformation stacking-fault probability œ 
P ia copper filings was reported by Greenough and Smith (1955). Low- 
temperature cold-work study in copper is expected to give appreciable 
faulting and Wagner (1957) has reported the results of such a study. In the 
present investigation stacking faults contribute to the broadening at room 
temperature. Faults anneal out rapidly with temperature. The defor- 
mation faults seem to anneal out more rapidly than twin faults and the 
| latter therefore contribute more to the broadening than the former. The 
| broadening at temperatures of 100°c and above is attributed to lattice 

strains and domains only. 

The integral line breadths in fig. 3 are found to decrease considerably 
with temperature. This is due to growth of larger domains and release of 
strains, as seen from fig. 2. The introduction of defects in a material 
increases its internal energy. The precise knowledge of stored energy is 
important as it gives a reasonable estimate of the actual defect concentra- 
tion. The release of elastic stored energy and annihilation of dislocations 
is quite rapid up to a temperature of 100°c. Smaller domains therefore 
give up their energies rapidly in comparison to larger ones. The disloca- 
tions do not anneal out completely at the temperature of 400°c. 

In the cold-worked copper filings the calculations of a minimum dimen- 
sion for the fault plane, T'min, from Warren’s (1961) formula: 


| 

id 2-31 1 

{ in= 0:82 CÓ S 
| Tusa = 0:82 | (oy Dao) 


shows that stacking fault planes exist over dimensions considerably greater 
than the value given by the formulae of dislocation theory (Cottrell 1953). 
The calculation of Tmin from domain sizes obtained by line-profile analysis 
also confirmed this observation. 
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ABSTRACT 


The formation of certain classes of organic molecular complexes has been 
discussed from the viewpoint of an electron transfer between a donor molecule 
(D) and an acceptor molecule (A), i.e. D+A *D*A-, leading to what 


might be termed a charge transfer salt. In certain situations, the ions can 
lead & more or less independent existence ; this is realized sometimes in 


solvents of high dielectric constants (D*A~+solvent c > D,+A,) In 


the majority of cases, the electron appears to remain coupled to the positive 
hole of the donor, these compounds then show the physical properties of the 
bound electron-hole pair. 


I 


Tur formation of molecular complexes involving aromatic molecules has 
received considerable attention during the last few years and a number 
of reviews (McGlynn 1958, 1960) and a monograph (Briegleb 1961) have 
been published. A theory based on electron transfer from a donor (D) 
to an acceptor molecule (A) leading essentially to an ionic structure 
(D+A-), i.e. leading to what might be termed a ‘ charge transfer salt ^, was 
proposed by the author (Weiss 1942). This suggestion arose in connection 
with the proposed formation of positive ions from aromatic hydrocarbons 
by the action of oxidizing agents on these hydrocarbons (Weiss 1941). 
Subsequently a quantum mechanical theory of donor-acceptor interaction 
of molecular complexes was put forward by Mulliken (1950, 1952 a, b). This 
theory, while taking over the basic concept of electron transfer, postulates 
that the ground state is essentially a ‘ non-bonding' van der Waals’ 
state in ‘resonance’ with an excited ionic state. 

According to Mulliken (1950, 1952 a, b), the wave function for the ground 
state of a molecular complex is given by: 


p=ap(DA)+bp,(DtA-), . . . . . (1.01) 


where yy is the wave function of the van der Waals’ state and y that of an 
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ionie upper state. For a satisfactory description according to eqn. (1 .01) 


there must be overlap between the wave funetions of the two states 
as expressed by the magnitude of the overlap integral 


(s- | bobitr). 


The energy of the ionic state is supposed to be given by: 


2 
e Las 
Iyp-E.—-—5 tt ot s (1.02) 

TDA 
where Zp is the ionization potential of the donor, E, the electron arity 
of the acceptor and rpa is the equilibrium distance. In this theor;, this 


represents the energy of the excited state, from which it only diffe.s by 
the relatively small contributions of the resonance energies and the vea 
der Waals’ energies ; this then also corresponds to the energy (/o ,) of 
the maximum light absorption of the molecular complex (i.e. of the charge 
transfer band). The ionic state is thus supposed to be endothermic by 2 
to 3ev and it is not clear how it would contribute much towards the 
binding energy in the ground state in view of the admittedly small resonance 
energies. ‘This latter point is closely connected with a very real difficulty 
in this theory, namely the smallness of the overlap integrals at the inter- 
molecular distances of 3-3:5 À, which one encounters in these molecular 
complexes. Murrell (1959) gives a value of 0-005 for such an overlap 
integral at 34, using Slater orbitals; values of 0-01 up to 0-1 have been 
suggested by other authors: all these are, of course, rather uncertain, 
as too little is known about the relevant molecular wave functions. It 
was pointed out by MeGlynn (1958, 1960) that there are many independent 
experimental findings, as are also the recent determinations of the erystal 
structures of molecular complexes of aromatic hydrocarbons with bromine 
and iodine (Hassel and Romming 1962), which are not in agreement with 
this ticon and with the so-called * maximum overlap and orientation 
principle * on which this theory is largely based. 


$1. INTENSITY OF THE CHARGE TRANSFER ABSORPTION BAND 


d (1959), starting from some simple model wave functions, has 
shown that the overlap integrals in the original Mulliken theory un out 


to be much too small to account for th bserve: OSC: I of 
ne o 
d S illator strengtl 


A comparison of the experimental and theoretical oscillator strengths of 


the light absorption of a number 

agreement with the theory E dae cen m » ie 
on closer inspection, this turns out to be rather ambiguous a (ic: Bleeds 
been pointed out by McGlynn (1958, 1960). Moreover ihe eae ii , a 
J-values have no real theoretical basis, because these caleul a E i uw 
start from wave functions but are based on a presumed c EIE DUM 
the ionic state, the extent of this contribution being BERE UM 
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experimentally determined dipole moments, with the additional assump- 
tion that complete electron transfer in the excited state would lead to 
a dipole moment of magnitude (e x rap), where rap is the intermolecular 
distance. The latter assumption is very doubtful on theoretical grounds 
end is not in agreement with the experimental evidence, as shown below. 


$2. Drrorg Moments 


:iegleb and Kambeitz (1934 a, b) made the important qualitative 
( ation that the formation of some of the typical organic molecular com- 
{ ; “rom dipole-free components) is accompanied by the appearance of a 
permanent dipole moment. Several investigators have attempted to 
determine the actual dipole moments of molecular complexes in solution 
by & coiuübination of polarization and equilibrium constant measurements 
(Briericb and Czekalla 1954, 1955). From a quantitative point of view, 
these measurements must be regarded as rather doubtful for the following 
reasons: (i) uncertainties in the determination of the true concentration of 
the molecular complex in solution by the usual spectrophotometric method 
and, more important, (ii) possible association of the dipole molecules in 
the solvents of low dielectric constants which are used for the dipole measure- 
ments. Such an effect could only be excluded by a careful study of the 
dependence of the orientation polarization on the concentration of the 
molecular complex and extrapolation to infinite dilution. It is well 
known (Wolff and Herold 1934) that in solvents of low dielectric constants 
many dipole molecules show a great tendency to form dimers with a very. 
small or zero dipole moment. Interaction of two dipoles, e.g. of uc 5D 
at a distance of 34 in a medium of dielectric constant «~2 could lead 
already to an interaction energy of the order of 0:28ev, which is of the 
same order as the binding energy of these molecular complexes. In fact 
the steep rise of the orientation polarization versus concentration curves, 
which has been observed in many cases, shows that this type of dipolar 
association can persist even to very low concentrations. The experi- 
mental determination of the dipole moments of molecular complexes has 
not been carried out in such a way as to take into account or to exclude 
association effects. 

There is, however, also a theoretical objection to the computation 
of the dipole moment of the ionic state by the simple expression of 
(charge x distance) because at the relevant distances of 3-3-5 å between 
donor and acceptor, the dielectric screening cannot be ignored. ‘The dipole 
moment between two opposite charges at a distance r in a medium with an 
effective dielectric constant K is given by (er[K). The (mean) dielectric 
constants of some typical crystalline molecular complexes were found to be 
K ~ 3 to 4 (Kronberger and Weiss 1944). The effective dielectric constants 
should not be much less than the optical dielectrie constants but would be, 
at any rate, greater than unity, in view of the fact that one is dealing here 
with highly polarizable electronic systems at distances of 3-3-54. For 
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example, with an effective dielectric constant of ~3 and an interionic 
distance of 3 4, one would get a dipole moment of the order of ~ 5D. Such 
dielectric screening is well known in ionic molecules with polarizable 
ions and can be treated also by taking into account the induced dipole 
moments (Born and Goeppert-Mayer 1933, Hund 1933), opposed to the 
primary dipole, which are due to the field of the positive ion acting 
on a polarizable negative ion and vice versa. In view of these considera- 
tions it is therefore not surprising that attempts to calculate the binding 
energies from measured dipole moments of molecular complexes gave 
quite unrealistic results (McGlynn 1958, 1960). 


II 
If, in fact, the overlap integrals are too small, eqn. (1.01) wc::d sot 
represent a stationary state, and the molecular complex would be either in 
a van der Waals’ or in an ionic state. 


81. MOLECULAR COMPLEXES AS CHARGE TRANSFER SALTS 


In computing the energy for the ionic state, it should be pointed out 
that eqn. (1.02) is not complete. Polarization forces, i.e. interactions 
due to the induced dipole moments referred to above, will also make a 
contribution towards the binding energy. This is relevant in relatively 
simple ions and should be even more important in these large organic 
lons of relatively high polarizability. "The interaction energies due to 
this polarization will be of the form P = oe?/r*, where « is the polarizability 
of the ion under consideration (Born and Goeppert-Mayer 1933). More- 
over, eqn. (1.02) would only hold in vacuum whereas the observations of 
molecular compound formation are all related to solutions or to the solid 
state. In solution one would gain the interaction energy of the charge 
transfer salt (dipole) with the solvent, i.e. the solvation orem (S) ; this 


may be estimated to be roughly of the order of ~lev ne 


i ; lvent of 
dielectric constant ~2. In the solid st iti P 
i 9; jate an addit; r ribu- 
tion would arise from th SRE eee 


e interaction of an ion with all the i 

1 D l : others in the 

a Pee would give a contribution corresponding to a Madelung 

Po aa of an also take into account the not inappreciable 

7 r energy between the ions (W). The en ioni 
l i : ergy of 

State in solution would thus be given to a first Ee s S UD 


2 
EISE ae =P- = 7, 


TDA 
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sometimes realized in solvents of high dielectric constants, and the physical 
properties of such solutions (light absorption, electrical and magnetic 
properties, etc.) are determined essentially by those of the separate 
solvated ions D? and Az, formed according to: 


1D) sees DO ences 2302 
"Dri A ec 9103) 


D*A- 4 polar solvent 


< 


: ease has already been discussed previously and other examples have 
scm given in the more recent work of Kainer and Überle (1955), Kainer 
ait. Citing (1955), Eastman et al. (1962), and Liptay et al. (1962). 

‘the situation is different and in some ways more interesting with 
moleculax complexes in the solid state and in solvents of relatively low 
dielectric constants. Following the electron transfer which leads to the 
ionic molecule, the electron now remains coupled to the positive hole of 
the denor, giving an electron-hole pair state. The following discussion 
will be concerned with some of the physical properties of such molecular 
complexes. 


$2. THE ELECTRONIC ABSORPTION SPECTRUM 
Light absorption in ionic molecules is due in general to the excitation of 
an electron from the negative or positive ion finding a resting place in an 
excited state of the ion where it was originally located or in the ion of 
opposite sign. Light absorption of a charge transfer salt in the visible or 
ultra-violet could lead therefore to the formation of an excited state, 
according to: 


D*A--h»——-D*A. . . . . . . (2:04) 


From this excited level the electron can now return to a lower level on 
the acceptor molecule with the emission of fluorescence (hv’), according to : 

D*A——-Dt*A--ERvy, . 3. = = « (2105) 
which is essentially the reverse of process (2.04); the observed fluorescence 
could then be the mirror image of the absorption band. This has, in 
fact, been observed by Czekalla, Briegleb, Herre and Glier (1957, 1959), 
Czekalla, Schmillen and Mager (1957, 1959), Czekalla (1959), and by 
McGlynn and Boggus (1958). If there is a lower-lying triplet state the 
electron may pass into this: 

[DAC SSID eG a og (208) 
and then return eventually to the ground state with emission of phosphore- 
scence (v^), viz.. to ES 
(D*A) ——-D*A--chv. . . . . . (2.07) 
In cases where phosphorescence has been observed it has been 
found that it is often shifted towards longer waves compared with that 
of the free hydrocarbon (Czekalla, Briegleb, Herre and Glier 1959, 
Czekalla, Briegleb, Herre and Vahlensieck 1959, Czekalla, Schmillen and 


P.M. 4I 
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Mager 1959). Thisisnotsurprising as the complex constitutes an altogether 
different system and the levels of the excited state in the donor, as well as 
the transi tionprobabilities will be affected by the interaction with the accep- 
tor molecule. 

Tt is clear that from a physical point of view, the absorption of a light 
quantum according to eqn. (2.04) will, in general, lead to a bound electron- 
hole pair somewhat similar to the case ofanexciton. Inthesolid crystalline 
state it is known that there are two types of excitons (Haken 1958, 1959) 
namely those where (i) the electron and hole are at the same lattice celi 
giving a so-called ‘local pair state’, and (ii) the electron and !.cle a 
separated by a distance large compared with the lattice constant. nt 
crystalline molecular complexes both these types may exist anc. © mc:e 
detailed investigation, particularly of the low temperature spect;-. ri ay 
throw some light on this. In solution (disregarding associatio:), one 
might have a ‘local pair state’ at the minimum distances of 5-3:54. 
The energy of the absorbed light quantum corresponding to the * bound 
electron-hole pair’ is given by the equation (Wannier 1937, Mott and 
Gurney 1941): 


DEN eC Ea xol Lu 
K? n? 


wo 
© 
oo 
— 


where AZ is the energy gap between the lowest occupied and highest 
unoccupied level; the second term corresponds to the interaction between 
the electron and the hole, n=1, 2, 3..., co; R is the Rydberg constant; 
p. the reduced effective mass of the bound electron-hole pair and m the 
rest mass of the electron; K the effective dielectric constant of the mole- 
cular complex. Although this expression is only valid for relatively 
large radii, it may be regarded as a zeroth approximation and sufficient 
for the following more qualitative discussion. 

It has been found that in a series of complexes of the same acceptor 
with different but closely related donors, the absorption maximum can 
be represented by the following empirical equation : 


hw—lp-B, . . . . . . . . (2.09) 


where B 1s a more or less characteristic constant for the particular acceptor 
This relation was found to be obeyed for different aromatic h cee 
iodine complexes as well as for numerous aromatic and je q ti 

trinitrobenzene complexes (McGlynn 1958, 1960, MeConn ll et jl. 196 » 
This relation follows immediately from eqn. (2 08) as: d 


AE-Iy— 0, 


ER uen) 


ls given by the ionization potential of the donor minus the energy (C) 
E 


hich q p. 
Ww would be re uired to move the electron fr om the hi hest unoccu ied 
8 


According to Mulliken’s theory, 


transfer band? should decrease the oscillator strength of the ‘ charge 


with increasing ionization potential of 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Formation of Organic Molecular Complexes 1175 


the donor. McGlynn (1958, 1960) and others who have reviewed the 
numerous experimental observations have pointed out that these pre- 
dietions do not obtain and that in fact exactly the opposite is observed 
(Custro et al. 1958, Lawrey and McConnell 1952, Murakami 1953, 1954, 
1955). 

For the oscillator strength (f,) of a transition according to eqn. (2.08) 
:he following relation holds (Elliott 1957, Nikitine 1958): 


1 


In& E E crees. (A) 
Ci, may deduce from this that the transition to the first excited level 


(n= +) should be the strongest and also that the oscillator strength should 
decrease with increasing effective dielectric constant of the molecular 


complex. In general, compounds (e.g. aromatic hydrocarbons) with a 
low ionization potential would have a relatively high polarizability and 
conscquently a greater dielectric constant and vice versa. One may 
conci therefore from eqn. (2.11) that a relatively high dielectric con- 


stant, i.e. a low ionization potential, will be associated with a decrease in 
the oscillator strength, which is in good qualitative agreement with the 
numerous experimental findings (McGlynn 1958, 1960). 


§ 3. MAGNETIC PROPERTIES 

Most of the organic molecular complexes were found to be diamagnetic and 
show no electron spin resonance in the solid state. Ithas been suggested 
previously that in the ionic complexes the ground state should be a 
singlet state. It is of interest to note that paramagnetism is observed if 
a (diamagnetic) quinhydrone molecular compound is dissolved in an 
alkaline solution where the radical ions may assume an independent 
existence and the presence of the odd ions manifests itself (Weiss 1942). 

Bijl et al. (1959) have confirmed the absence of E.S.R. in many solid 
molecular compounds except for a few cases where, however, the spin 
concentrations were found to be often much less than 1%. An attempt 
to explain this by a triplet-singlet transition was not successful because 
the temperature dependence gave a Curie law which was obviously due 
to a doublet state. 

On the assumption of an ionic ground state, the electron and hole 
which are coupled to each other have opposite charge and opposite 
spins. One would therefore expect the ground state to be a singlet state, 
as has, in fact, been observed in the majority of these molecular complexes. 
The weak paramagnetism in the solid state, which was found in some 
cases, is evidently not associated with the molecular complex itself but 
must be due to small amounts of paramagnetic impurities, i.e. to the 
presence of very small quantities of free radicals or radical ions. It has 
been shown that this very low paramagnetism is often dependent on the 
method of preparation; it is probably due to the (chemical) instability of 


412 
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This view has been expressed by Oosterhoff 


certain charge transfer salts. ) ) 
also been confirmed in 


(1958) and Hausser (private communication) and has 


our laboratory. Mes oar 
An interesting case of a singlet-triplet transition by thermal excitation 


has been found recently by Chesnut and Phillips (1961) in E.S.R. studies 
of some molecular complexes of tetracyanoquinodimethane. ‘These 
authors were able to show that these molecular complexes are ionic, 
possessing a singlet ground state, and that these charge transfer salts have 
a thermally accessible triplet state. In two complexes which werc 
measured the singlet-triplet separations were found to be 0:3ev anc € 55ev 
respectively. "They also confirmed that the presence of about i75 of 
doublet state impurities, or even less, may seriously affect the meosure - 
ments of the magnetic behaviour of such molecular complexes. 


There are also many other experimental facts which support the 
assumption of an ionie type ground state. In the hydrocarbon-iodine 
molecular complexes, Hassel and Romming (1962) have found that the 
T-I distance in some of these solid complexes is much greater than in the 
T, molecule and, in some cases, approaching that in the negative ion Iz. 
Kommandeur (1961) has shown that solutions of perylene in iodine give 
rise to the formation of the positive perylene ion. 

From an experimental point of view there are two problems in particular 
which would require further investigation : 


(i) A study of the absorption spectra of solid crystalline molecular 
complexes at low temperatures. 


(ii) A careful reinvestigation of the dipole moments of molecular 
complexes in solution with particular regard to the question of 
association in solvents of low dielectric constant which are normally 
used in these dipole moment measurements. 
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ABSTRACT 


Unmixing in a moonstone has been directly observed, using an electron 
microscope. The mineral consists of alternating, irregular sheets of ortho- 
se and low albite, approximately parallel to (601) and of widely varying 
thicknesses. The albite sheets consist of finely twinned lamellae parallel to 
(010)—the composition face of the albite twin law—and exactly four albite 
unit cells wide. They often repeat regularly over a sufficiently large distance 
to constitute a superstructure which gives sharp subsidiary reflections in the 
electron diffraction patterns. 

The white schiller of the moonstone is discussed on the basis of these 
structural details. 


$1. INTRODUCTION 


Durtxe the crystallization of acid igneous rocks a mixed felspar 
(K, Na)AISi40; often exists at liquidus temperatures. As cooling proceeds, 
strains are caused in the structure as a consequence of small differences 
in the dimensions of the aluminosilicate framework in K-rich and Na-rich 
regions (cf. table, which lists cell sizes of pure K- and Na-felspars). 
Exsolution occurs, regions of nearly pure orthoclase (KAISi,0,) and albite 
(NaAlSi,0,) form, and the material is known as a perthite. If the inter- 
mixing is on a microscopic scale, the composite crystal is called a micro- 
perthite; and if on a sub-microscopie scale, a cryptoperthite. When 
optical heterogeneity produces a white or blue schiller, the micro- or 
crypto-perthite is popularly known as a moonstone. The present paper 
is concerned with a low-temperature, orthoclase-rich moonstone from 
Ceylon. The specimen has an x-ray diffraction pattern very similar to 
moonstones M and Q (Spencer 1930 and 1937), investigated by Chao and 
Taylor (1940) and later by MacKenzie and Smith (1955); the oscillation 
photograph (fig. 1) may be directly compared with fig. 3 of MacKenzie and 
Smith (1955, p. 713). 

MacKenzie and Smith (1955) showed from x-ray work that specimens 
M and Q consisted of unmixed orthoclase and low-temperature albite, the 


{ Present address: Department of Geophysical Sciences, University of 
Chicago, Chigaco 37, Illinois, U.S.A. s 
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: met T 
albite being twinned on the albite law} and having a and ee : 
Laves (1952) had already noted the presence of this fine Bir mue s d 
Na-phase of perthites and had suggested that the strain proc Es 2 i 3o 
boundary between unmixed monoclinie K-felspar and triclinic h aes span 
is reduced by the growth of twin lamellae only a few unit cells a 
He further supposed that this sometimes resulted ina superstructure Ww hic : 
was then responsible for the regular distribution of subsidiary reflections 
observed in x-ray photographs of certain unmixed felspars. 


Cell parameters of orthoclase and low albite 


Mr 
Orthoclase Low albite 
a 8:562 Â 8-138 À 
b 12-996 À 12-789 & 
c 7:193 A 1:156 A 
dam 7-694 X 7-279 Å 
UAE 12-996 À 12-752 À 
GEN 6:464 X 6-388 À 
a 90° 94? 20’ 
P 116° 01" 116? 34’ 
Y 90° 87° 39' 
at 90° 86? 20’ 
p* 63? 59' 63° 32! 
y. 90° 90° 28’ 
Space group € 2m CI 


In the present work the fine structure of a moonstone is examined in 
detail. For the first time it has been possible to resolve directly twin 
lamellae of the type envisaged by Laves (1 952) 


$2. X-ray DIFFRACTION STUDIES 

Figure 1 shows part of the b-axis oscillation photograph of the moon- 
stone. It was taken with the x-rays parallel to (001) Sra may be directly 
compared with the photographs of MacKenzie and Smith (1955) The 
photograph is a superposition of diffraction patterns of untwinned 
orthoclase, and albite twinned on the albite law. There is no evidence of 
any separation of the pair of albite twin spots into subsidiary spots suchas 
would indicate a superstructure, although the elongation TE S ous 
along b* suggests some type of disorder in the y-axis repeat. x 


T Eelspars are very frequently twinned i i 
to triclinic felspars are albite Prine Ud Pe. dibus Guns quy eO 


pericline twins formed by rotation about [010]. misc arose. (010) and 
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Fig. 1 
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Part of a b-axis x-ray oscillation photograph of the moonstone. CuKa radiation. 
X-rays parallel to (001). 


$3. ELECTRON-MICROSCOPE STUDIES 

Finely crushed grains of moonstone were sprinkled on a carbon film 
and observed in an electron microscope. Since (010) and (001) are 
prominent cleavage directions, many grains lie with one or other of these 
structural planes approximately normal to the electron beam. The 
diffraction patterns from grains in these orientations can be readily 
recognized: in one case—the electron beam normal to (010)—the observed 
reciprocal-lattice angle corresponds to B* (~64°), and in the other— 
the electron beam approximately normal to (001)—the observed reciprocal- 
lattice angle is nearly 90°, and the reflections have indices (2h, 2%, h) 
(cf. indexed pattern, fig. 3 (b), to be discussed below). Grains in other 
orientations do not provide any additional information about the fine 
structure of the moonstone, so attention is confined to grains in these 
orientations. 

Figure 2 (a) shows bright-field transmission micrographs of grains 
having (001) approximately normal to the electron beam. Unmixed 
albite and orthoclase regions appear as long bands between 500 and 
3000 å wide, the boundaries between the two structural types being 
irregular. Within regions which later diffraction work showed to be 
albite, sharply defined, regularly spaced twin lamellae are clearly resolved. 
Electron diffraction patterns show that the twins have (010) as composition 
plane, and that the orthoclase and albite bands are elongated along y. 
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Fig. 2 


o 
1000 A 


(a) 


(b) 
(a) Two bright-field transmission micrographs of grains having (001) 
approximately normal to the electron beam. 


(b) Dark-field micrograph of grain having (001) approximately normal to the 
electron beam. 


Figure 3 (a) is the electron diffraction pattern for this grain orientation. 
The orthoclase regions give rise to spots on a rectangular mesh. The 
albite regions differ most from orthoclase in the value of doo) (table), and 
the diffraction patterns, therefore, get rapidly out of step in the direction 
[100]. The albite reflections occur in clusters, there being a pair of clusters 
associated with each orthoclase reflection. These clusters correspond to 
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the pairs of reflections from albite in the x-ray diffraction pattern (fig. 1), 
| which arise because of the twinning within the albite regions, and which 
| have now been resolved because the electron wavelength (0-043 & at 

75 kv) is so much shorter than that of x-rays (1-54 4 for CuKz). Every 

cluster is made up of a number of subsidiary reflections regularly spaced 

along b*, indicating the existence of a superlattice. The spacing of the 


Fig. 3 


CERES CM 


(b) 


(a) Electron diffraction pattern of a grain having (001) approximately normal 
to the electron beam. The circled group of reflections is similar to the 
one used to form the dark-field image shown in fig. 2 (b). 

(b) Enlarged drawing of the diffraction pattern of fig. 3 (a) giving the indices 
of the orthoclase reflections. 
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subsidiary reflections has been carefully measured with a mavdlling 
microscope and corresponds to a superlattice having b= Sb in: The 
subsidiary reflections are most intense where maxima occur in the diffrac- 
tion pattern of twinned albite (twinned on the albite law). The super- 
structure must therefore be made up of sub-cells related by thealbite 
twin law; and these sub-cells are the lamellae clearly resolved within 
albite regions in fig. 2 (a). Each alternate lamella consists of albite in 


twin orientation to its neighbouring lamellae; each is four unit cells across 
giving a true repeat of eight unit cells in the y-direction. The re AS of 
eight unit cells corresponds exactly with the thickness of a pair c^ vin 
lamellae measured in the micrographs. The identical thicknes ad 
regularity of repeat of these twinned lamellae gives rise to the c: rp 


subsidiary reflections observed in each cluster in the electron diffrac::on 
pattern. 

Figure 2 (b) is a dark-field picture obtained by isolating a group of 
low-angle maxima similar to those circled in the diffraction pattern of 
fig. 3 (a). It shows the twin lamellae with even more contrast than the 
bright-field picture fig. 2 (a). In addition very fine structure can now be 
seen near the boundaries of orthoclase and albite regions, taking the form 


Fig. 4 
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of lamellae ~25 4 wide, which may represent structural: defects (twins 
or faults) brought about because of strain at orthoclase-albite boundaries. 

Figure 4 is a transmission micrograph of a grain which has (010) normal 
to the electron beam. The broad lamellae are the K-rich and the thin 
‘amellae the Na-rich regions. Figure 5 shows the electron diffraction 
pattern from the same grain. The two lattices resolved in the pattern 
'crrespond exactly to the (010) reciprocal-lattice sections of orthoclase 
ond albite. It is noteworthy that the orthoclase spots are systematically 
wore intense, confirming that the grain contains more orthoclase than 
albite. 


Fig. 5 


Electron diffraction pattern of a grain having (010) normal to the electron beam. 


Comparison of the transmission pictures (figs. 2 and 4) with the diffrac- 
tion patterns (figs. 3 and 5) shows that the compositional regions are 
irregular sheets. Measurement from the micrograph in fig. 4 shows that 
the sheets are inclined at 106° to (001), i.e. they are closely parallel to 
plane (601). This is a very reasonable plane-of-joining, corresponding 
to the plane of least lattice deviation for an orthoclase-albite boundary as 
determined by Laves (1952). Within albite sheets the twinned regions, 
of course, form lamellae parallel to (010)—the composition plane for 
twinning on the albite law. 


$4. DISCUSSION 
4.1. Nature of the Superstructure 


The existence of lamellae only a few 


unit cells wide, arranged regularly 
to produce a superstructure, has been 


Suspected for some years. Laves 
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ae were the cause of the streaking of 
albite reflections in the direction of b* in x-ray oscillation photographs 
(MacKenzie and Smith 1955), and were responsible for the sets of sharp 
spots sometimes noticed within the streaks. Here these lamellae have 
been directly observed. In this specimen each twin lamella is four unit 
1 the supercell of eight unit cells seems to be 
a characteristic of the specimen. However, there may well be supercel!s 
of different size in other specimens; e.g. Laves (1952) postulated » 
superstructure of lamellae three unit cells wide in the y-direction t5 
account for the subsidiary reflections shown by certain cryptoperthites. 


(1952) suggested that such lamell 


cells wide in the y-direction anc 


4.2. Schiller 


It is worth commenting on the white schiller that this moonsicie 
exhibits. The electron microscope work indicates that the grains of 
moonstone are unmixed into orthoclase and albite regions a few thouse nd 
Angstroms thick, approximately parallel to (601) (cf. $3 and fig. 4). 
Optical observation of larger crystals shows wider regions a few microns 
thick of a similar nature to those seen in the electron microscope. There 
must therefore be a very considerable variation in the thickness of the 
orthoclase and albite sheets. It is of interest to note that the ‘ plane ' 
of moonstone schiller reported in the literature varies from (601) to (801)1, 
i.e. it is approximately parallel to the observed plane of the compositional 
regions. It is therefore likely that the schiller is a direct result of optical 
interference between these regions. The wide variation in thickness of the 
regions ensures that all visible wavelengths will suffer some interference, 
and the resultant schiller is therefore white. The diffuseness of the schiller 
is ascribed to the irregularities of the orthoclase-albite boundaries (cf. 
fig. 2 (a)), although incoherent scattering by the very small e cod 
regions may also contribute to the diffuseness (Raman et al. 1950). 

The twin lamellae within the albite regions cannot contribute to the 
schiller because they are too thin (50 A) to affect the passage of visi 
light (A-6000 A). This ai i Pe Aaa 
ght ( ) his fact contradicts the view of Thosar (1945) wl 
ascribes moonstone schiller to twinning. mn 


4.3. Other Electron-microscope Work in Preparation 
This work forms part of a study, by electron microscopy, of ixi 
phenomena in alkali and plagioclase felspars. An Tame despues 
that seen in this moonstone has been observed in an anorthocl i os z 
and lamellae approximately 350 å wide have been obser a ee cin 
peristerites. Full accounts of these studies are in o RE xor 
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ABSTRACT 


Pre-thinned foils of aluminium have been bombarded by 85 kev H+, 
He*, Ne*, A*, Kr* and Xe* ions. Electron microscope observations have 
shown that the formation of point defect clusters in these foils is dose rate 
dependent. 


In foils bombarded by H+ ions the number of observable point defects 
increased with increasing dose, whereas the total number of clusters and 
loops decreased. This is attributed to the mobility and interaction of 
loops during bombardment. 

The number of observable point defects was much greater after 
bombardment by Xe*, Kr* and A* ions than after the same dose of He* or 
H+ ions. These observations are explained in terms of simple displacement 
theory. 


$1. INTRODUCTION 


IN recent years there has been an increasing interest in the formation 
of point defect clusters in metals as observed by transmission electron 
microscopy. ‘The early work by Smallman and Westmacott (1959) on 
quenched metals, and that of Sileox and Hirsch (1959) on neutron 
irradiated copper established the observable form of defect clusters 
and this has been the basis of much further work. 

Makin (1960, private communication) and Sileox (1960) failed to 
observe any defects in neutron irradiated aluminium, but Bierlein and 
Mastel (1962) found large dislocation loops after neutron bombardments 
of the order of 102°neutrons cm-?. ‘There are no obvious explanations 
to account for the different observations. Irradiation at liquid nitrogen 
temperature has produced clusters, but at a greatly reduced density 
compared with copper (Smallman and Westmacott 1959). Barnes and 
Mazey (1960) have irradiated aluminium with 38 mev a-particles at 
250?c. Examination in the electron microscope showed no evidence of 
clustering in foils through which the o-particles passed, but foils in which 
the a-particles stopped revealed large dislocation loops which remained 


T Formerly attached to A.E.R.E., Harwell, Berkshire. 
P.M. 
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stable in the presence of the helium gas until well above 450°0. More 
recently it has been reported that substantial clustering in aluminium 
occurs due to proton bombardment of pre-thinned foils (Beevers and 
Nelson 1961) and also due to fission fragment bombardment of pre-thinned 
foils (Westmacott et al. 1962). ¢ 

This paper reports some experiments to examine the formation of 
defect clusters in aluminium, when irradiated with 85 kev protons and 
ions of Het, Net, At, Kr* and Xe* produced by the Harwell 100 kev 
Heavy Ion Accelerator (Barnfield et al. 1962). In this energy range the 
penetration of the incident ions is comparable with the foil thicker: Ss 
required for examination in the microscope (see Appendix). The exyc.i- 
ments were therefore performed on pre-thinned specimens. The vn 
has been to study the influence of different ion species, dose and dose-:^te 
effects on the formation of damage. 


$2. ExPERIMENTAL TECHNIQUES 


Spectroscopically pure aluminium was obtained in the form of 0-001 in. 
thick foils from Johnson-Matthey & Co. Ltd. These were annealed at 
400?c in vacuum for 16 hours and then electrolytically thinned in a per- 
chlorie acid-ethyl alcohol bath to a thickness of about 20004. Prior 
to irradiation the thinned foils were examined in a Philips 100 kv electron 
microscope to ensure adequate transmission of the electron beam and to 
avoid spurious effects due to polishing. 

The thinned foils were mounted on 2 mm copper microscope grids and 
supported on the end of a copper rod by means of a copper eup. This 
assembly was placed in the target chamber of the accelerator which was 
then evacuated to a pressure of 10-7 mm Hg. The accelerator is capable 
of producing 100pA beams of magnetically analysed, mono-energetic 
lons up to a maximum energy of 100 kev. In the present experiments 
however, defocused beams with reduced intensity at an energy of 85 kev 
were used to bombard the specimens. The current on duo target was 
measured by a d.c. amplifier connected to the copper rod. The S doner 
of ions striking the specimen was 1-6 x 1013 em-? sec-t ‘ion Coh A of 
current measured. This value included a correction for modem 
electron effects. "The rate of bombardment was 4 pA or 64x 1013 j is 
cm-? sec~ for all experiments except those on dose rate effect 3 TON 
This. rate produced a total heat dissipation at the target rom EA 
heating of 02 w. The temperature of the foils during irradiation wa 
maintained in the region of 60*c (see $3.4). After ira diati ig 
were examined in a Siemens Elmiskop I electron mi ec ate ee 
at 100 ee: microscope operating 
; It is m UR at this point to em 
beam analysis in relati i ier 
ion Sdn formed iih. ee E LE Pu Ur peu 

? : source due to the ionization of molecul 
and desorbed impurity gases, and must be removed fr PES 
importance of this is fully appreciated after M dtes ae cr E. 

it eam o 


phasize the importance of ion 
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Fig. 1 


| Large dislocation loops and tangles produced in an aluminium foil by 4-8 x 1016 
He* ions cm-? with no magnetic analysis of the ion beam. — x 32 000. 


| Fig. 2 


Diserete spots and loops pr d i ini i : i 
p ps pr oduced in an aluminium foil by 4:8 x 1019 Het ions 
em~* with magnetic analysis. x 32 000. 


4K2 
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il by 1-2x 1015 Het ions 


it uk ie oe E. 
I Small discrete damage produced in an aluminium fo 
cm-?. x120 000. 
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A heavy density of spots and loops produced in an al 
Xe* ions em-?, x 32 000. 


uminium foil by 5 x 1014 
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non-analysed He* ions, where only a very small percentage of impurities 
will have a drastic effect (figs. 1 and 2). Not only do the heavier impurity 
ions displace many more atoms, but, in these particular experiments can 
omae to rest in the foils as an impurity gas. 


$3. ExPERIMENTAL OBSERVATIONS AND RESULTS 
3.1. General Considerations 


Before the experimental observations are outlined it would be useful 
to eonsider the depth of penetration of the various ions in aluminium. 
This has been done in the Appendix, and values indicate that 85 kev 
H+, He* and the majority of the Ne* pass through the foils, whereas it 
is expected that all ions of At, Kr* and Xe* will come to rest in the foils. 
Tor this reason H+ and He* were used for the dose and dose-rate experi- 
ments in order to eliminate any damage stabilization effects caused by 
the presence of an excessive concentration of gas. Aluminium’ was 
particularly free from ion damage produced in the electron microscope 
as reported by Pashley and Presland (1961), and after 30 min in the 
microscope unirradiated foils showed no signs of damage. For this 
reason it was considered that the observations reported here were not 
influenced by spurious effects and could be interpreted as resulting from 
point defect clusters produced by the irradiations. 


3.2. Irradiations with Different Tons 

Bombardment by all species of ion resulted in the production of defect 
clusters which were easily observable in the electron microscope. The 
most significant feature of these experiments was the amount of observable 
damage produced by the different ions. Figure 3 shows a micrograph of 
a foil bombarded by 10!9 He* ions which contained significantly less 
damage than a foil bombarded by 5 x 10!3 Xe* ions (fig. 4). If the Xet 
ion dose was increased to 1:5 x 10! (fig. 5) a complex dislocation tangle 
was observed. In order to compare the number of point defects retained 
after bombardment by the different ions the total dose was adjusted 
in each case so as to produce the discrete damage shown in figs. 2 and 4. 
In no instance was significant grain boundary denudation of damage 
observed. The total number of point defects, assumed to be in the 
form of flat discs of atomie thickness, contained within observable clusters 
per unit area of foil were obtained from the micrographs and compared 
with the number expected to be produced by the irradiations. For H+ 
and He* ion bombardment damage is produced fairly uniformly through- 
out the whole foil thickness, whereas the heavy ions only produce damage 
to a depth equivalent to their range. The expected numbers were there- 
fore calculated on the basis of the method proposed by Kinchin and 
Pease (1955) using a foil thickness of 2000 A for H+ and Het ions, and an 
effective foil thickness equivalent to the ranges of the heavy ions (table 2). 
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Disloeation networks which were formed in an aluminium foil after 
bombardment by 1-5x 10! Xe ions em-?. x36 S00. 


A comparison of the average number of defects calculated N, and the 
number of defects observed N* is shown in table 1. The ratio N,[N* is 
remarkably constant for all ions except H and shows that only one in 
approximately 10! survived in an observable form. 

After examination in the electron microscope the irradiated foils were 
annealed in vacuum for one hour at 4009c. The foils were then 
re-examined for any preserved damage. Foils bombarded with H+, 
Het and Ne* showed no evidence of retained damage. However, those 
foils bombarded by the heavier ions showed a variety of large dislocation 
loops and entanglements. Figures 6 and 7 are micrographs of such foils, 
the Xe* ions appeared to be more efficient in their retention of a disloca- 
tion network than the A+ ions. These observations are in accord with 
the range calculations for the different ions (Appendix) 


3.3. Irradiations al Different Doses 


Whilst the observations reported in this section deal mainly with H+ 
ion bombardments they also represent the general behaviour of all ions. 
A total dose of 1019 H+ ions em-? was necessary before clusters became 
visible in the microscope and at this stage they had a mean diameter of 
~40 A (fig. 8). As the dose was increased from this value, clusters grew 
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Fig. 6 


Dislocation network formed in an aluminium foil bombarded by 5x101 Xet 
ions em-? and annealed one hour at 400?c in vacuo. x32 000. 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


1196 C. J. Beevers and R. S. Nelson on the 
Fig. 8 


Small discrete damage in an aluminium foil bombarded by 1019 H+ ions em-?. 
x 132 000. 


Spots and loops in an aluminium foil bombarded b 
x 48 000. 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


y 1017 H+ ions em-2. 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Formation of Defect Clusters in Aluminium by Ion Bombardment 1197 


until they were resolvable as loops (fig. 9). The effect of increasing dose 
can also be seen in figs. 2 and 3 for He* ion bombardment. "The number 
of elusters and loops decreased with increasing dose (fig. 10) whereas 
the total number of individual point defects they contained increased 
(Se. 11). The growth process continued until at a dose of —2 x 10!* Ht 
: ^n^? a dislocation network was formed. From the first observation 
t defects to the formation of dislocation networks corresponded to an 
agrease in the dose by a factor of 20. Further bombardment produced 
1o overall change in the dislocation network but there were indications 
that à eontinued process of nucleation, growth and redistribution of the 
network occurred (fig. 5). 


3.4. Irradiation at Different Dose Rates 


in these experiments the total dose was kept constant at 4-8 x 1019 
ionsem-? and the dose rate varied over two orders of magnitude 
with Het ions at 6:4» 10!3, 6:45» 10!? and 60:4 x I0!! ions em-? sec-! 
respectively. ‘These particular observations involved the experimental 
difficulty of running the accelerator for 20 hours for the lowest rate. 
However, the general effect can be seen by comparing figs. 12 and 2, 
where the density of clusters is considerably smaller for the lower rate. 
A further set of experiments was carried out in which the total dose was 
maintained at 4-8 x 1019 He* ions cm~? and the rate of bombardment was 
3x10! and 6x 10!!jons em-? sec-!. In the first case no damage was 
visible and in the second case the foil was melted. As damage was 
observed for the same dose at a lower rate, these observations indicate 
that beam heating was responsible for annealing the damage. ‘The 
observations also suggest that foils bombarded at 6-4 x 1013 ions cm~? 
sec"! were subjected to a temperature rise of the order of 50°c to 60°c 
due to beam heating. 


$4. DISCUSSION 
4.1. The Nucleation and Growth of Point Defect Clusters 


The observations represented in fig. 8 show that a relatively high dose 
of 1016 H+ ions cm~? was necessary before defect clusters were observed 
and that continued bombardment resulted in a reduction in the number 
of clusters (fig. 10). The latter observation is contrary to that observed 
for neutron irradiated copper (Makin et al. 1962 and Silcox and Hirsch 
1959). 

A contributory factor to this difference in the irradiation behaviour of 
aluminium and copper may be found from the experiments (§ 3.4) which 
showed that clusters were formed more readily when the foils were sub- 
jected to a high damage rate. Under these conditions the dynamic 
background concentration of point defects is comparatively large. "This 
suggests that there is a critical background concentration which must be 
attained before stable point defect clusters can be formed in aluminium. 
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The effect of dose of the number of observed point defect clusters in aluminium 
foils bombarded by H* ions at 6-4 x 10!? ions cm~? sec}. 
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Once this condition has been satisfied further defects produced by sub- 
sequent irradiation will be readily captured leading to the gradual growth 
of the clusters. However, once the loops had become sufficiently large 
to be resolvable, their numbers decreased with increasing dose. 
Westmacott et al. (1962) have suggested that loops can interact by 
conservative climb and by slip during the irradiation of pre-thinned 
clummium foils by fission fragments at 80?c. These experiments were 
performed on similar specimens and in tbe same temperature range as 
those reported in this paper. It is reasonable therefore, to suggest that 
| in the present experiments the clusters and loops also migrated and 
interacted in such a way as to produce a reduction in their numbers. 
The process of loop interaction occurs simultaneously with the further 
capture of defects during bombardment with the result that the total 
loop area increases with dose (fig. 11) until a dislocation network is formed. 


Fig. 12 


A low density of preserved damage in an aluminium foil after bombardment 
at 6-4x10!1 ions em-? see -! to a total dose of 4-8 x10168 Het ions cm-?, 


4.2. Comparison of the Observed and Calculated Number of Displaced Atoms 


The results summarized in table 1 show that only 1 in ~104 of the 
estimated defects were observed. Since such a large difference as 104 
cannot be explained in terms of errors involved in the calculations of N 
some efficient mechanism of annihilation must have occurred during de 
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It is evident from fig. 11 that once nucleation occurred 
fficient traps for the point defects. It 
asive 


bombardments. 
the point defect clusters were e i 
seems therefore that the factor of 104 in table 1 results from extel i 
defect annihilation prior to nucleation. Interstitial-vacancy interaction 
and annihilation at dislocation lines and grain boundaries are obvious 
contributors to the loss of point defects, but in this case the free surfaces 


s : AUS ‘dered te 
which could be reached by a maximum of 10° jumps are considered. to 


have had a major influence. 


Table 1 
nt NI AT 
mean number | mean number N* 
No. of of (observed) x 
Ton ions displacements | displacements per em? NqAN* 
cm~? per ion per per cm? foil 
em foil foil 
Ht | 5x 1016 16 8 x10168 2-7 x 1013 2:9 x 10? 
Het | 5x10!5 30 1-5 x 1028 5:8 x 1013 2:5» 104 
Net | 5x 1015 7-8 x 10? 3-9 x 1018 2-4 x 10H 1-6 x 101 
A* 1x 1015 2-0 x 103 2 x 1018 8-9 x 1018 2-2 x 101 
Kr* | 5x10H 3:3 x 103 1-65 x 1018 5:6 x 101? 2-9 x 104 
Xet | 5x101 3:9 x 103 1-95 x 1018 8-6 x 1013 2-2 x 104 


The experiments showed that the heavy ions produced more observable 
defects per ion than the light ions (compare figs. 2 and 4). "The results in 
table 1 also show that number of observable defects was in the same 
ratio as that predicted from displacement theory. 


$5. CONCLUSIONS 
; 1. Heavy ion bombardment produced damage in aluminium and the 
ES s of the damage was dose rate dependent. 
i i Y increasing dose of H* ions the total number of individual 
point defects in aluminium foils increased whereas the number of clusters 


and loops decreased. This indicat i 
| . This es that l racti red 
during the bombardment, E o 


3. Only 1 in 104 of the calculated number 
as clusters or loops. This is 
free surfaces. 

4. Aluminium foils bombarded b 
number of preserved point defects 


d of point defects were observed 
attributed to extensive annihilation at the 


y Xe* and Kr+ ions contained a larger 
than those bombarded by H+ and Het 
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ions. This observation can be explained in terms of simple displacement 
theory. 

5. Ions of Xe, Kr and A came to rest in the aluminium foils and resulted 
in the retention of damage in the form of large dislocation loops and 
networks after annealing for one hour at 400°c. 
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APPENDIX 


DEPTH or PENETRATION OF HEAvY [ONS IN ALUMINIUM 


In order to estimate the range of an ion travelling through a lattice, 
it is necessary to consider the rate at which its energy is dissipated. 

Tons of H and He dissipate the majority of their energy by ionization 
and electron excitation of the lattice atoms, the rest is lost by atomic 
collisions some of which are responsible for the displacement of atoms. 
From existing experimental values of stopping power, (— dE/dx), we see 
85 kev H* and Het ions can travel distances of over half a micron in 
aluminium (Allison and Warshaw 1953), and so will easily pass through a 
foil thickness of 2000 A. 

In the case of the heavier ions Ne*, A+, Kr* and Xe* at 85 kev nearly 
all their energy is lost by a series of direct collisions with the lattice atoms. 
These collisions result from a screened coulomb interaction and are 
associated with a large scattering cross section and efficient transfer of 
energy. The range is estimated by integrating the expressions for 
stopping power, i.e. 


R= f dEJ( —dEJjda). 


Nielsen (1956) has derived an expression for the stopping power of heavy 
ions with mass number greater than 10. The energy lost by atomic 
collisions only was considered and found that (—d#/dz) was effectively 
independent of energy, and a simple integration gives the expression for 
the range to be: 
R=0:6(Z,28 + Z,23)*OM s + M3)MSESZ,Z, M, mg em-? 

where Z, and M, refer to the incident ion, Z, and M, refer to the 
lattice atoms and Z, is the original energy of the incident ion measured in 
kev. 

This expression has been shown to be fairly reliable for heavy ions 
having initial energies comparable with those used here, for example 
Schmitt and Sharp (1958). The values obtained for the range of 85 key 
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Du Table 2. Range of 85kev heavy ions in aluminium | 


x EEE ese 


Incident ion | Range (A) 


Ne* 2800 
1300 


teraz 
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On the Density of Polyethylene Single Crystals 
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H. H. Wills Physics Laboratory, University of Bristol, Bristol 8, England 
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ABSTRACT 


The density of solution-grown polyethylene crystals was determined by a 
pyenometer method, judged to be least affected by systematie errors. Values 
close to the ideal crystallographic density were obtained, the latter having 
been redetermined on the preparation type in question. "This result is 
consistent with the molecular folds being sharp, no appreciable amount of 
an amorphous phase being required. Some other methods for measuring 
densities were found to give results which could be too low. Possibilities 
of interpreting minor departures from the crystallographie density in terms 
of details of the crystal morphology are suggested. 


Iv is common experience with crystalline polymers that the measured 
densities are considerably below the ideal crystallographic ones deduced 
from the dimensions and content of the unit cell. From the very 
beginning this density deficiency has been attributed to amorphous 
regions in line with the prevailing amorphous-crystalline two-phase 
picture. Ever since, the measurement of density has been the principal 
method, in conjunction with some others, for characterizing the 
crystallinity of polymers. 

At present the concept of the conventional amorphous-crystalline 
composite phase is in a state of reassessment as a consequence of the 
recognition of single crystals and chain folding (see e.g., review, Keller 
1962). The problem is particularly acute in the case of the solution-grown 
single crystals themselves. Here we have entities with all the usual 
characteristics of conventional crystals: they have crystallographically 
defined faces, sharp spot reflections in the diffraction patterns, ete. 
Do these entities contain an amorphous component? The answer so 
far has been in the affirmative. The density of polyethylene single 
crystals is reported to be in the range of 0-97 as compared with the 
crystallographic density of 1-00 (Fischer and Schmidt 1962, Wunderlich 
and Kashdan 1961). This requires an amorphous content of about 20% 
or more, dependent somewhat on the amorphous density assumed at 
room temperature, for which most extrapolations give values around 0-86 
(Hendus and Schnell 1961, Krimm and Tobolsky 1951). X-ray results 
also indicate an amorphous content of this magnitude (Hendus 1963, 
private communication). 

It may be asked next how to accommodate the amorphous phase 
within the erystallographically defined boundaries of the single crystals. 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
1204 T. Kawai and A. Keller om the 


The view has been voiced at current discussions that the folds themselves 
represent the amorphous content and are to be regarded as large, e 
possibly also entangled loops (cf. Flory 1962). i This is in ponies to the 
working hypothesis of this laboratory, in which we have pictured the 
folds as relatively sharp and well defined. There is supporting evidence 
for this, at least for a certain class of polyethylene crystals ini occurrence 
of crystallographically defined fold surfaces (Keller 1962, Frank 1963, 


Bassett et al. 1963), which imply a regularity in the fold-packing geometry 

3 T 35 1 apypboetinns 
and thus some regularity in the folds themselves. Evenifsuch obser: 18 
were confined to some special monolayer crystals, the only ones cx s ich 


studies were possible at present, they suggest that sharp, more or /288 
regular folding can occur, and accordingly, in principle at leas: could 
exist also in systems with more complex morphologies where inforims.on 
on the fold surfaces is not yet available. Clearly the issue in questic.i is 
basic to polymer crystallization and to single crystals in partici.ar. 
We have therefore undertaken density measurements in order to reassess 
the experimental facts for ourselves. 

In the choice of method, special attention was given to the errors 
which might arise in view of what we know about single crystals. 
Sedimentation methods we thought were particularly susceptible to 
certain errors. Drying of the precipitate was to be avoided, as solvent 
might be trapped and cavities formed between the sedimenting layers. 
Also the regularity of lamellar stacking and the extent of lamellar contact 
can be affected by conditions of filtering and drying, as evidenced by 
variations observed in the sharpness of the low-angle x-ray reflections 
(Mitsuhashi and Keller 1961) and in the gel-forming efficiency of 
radiation-induced cross-linking (Salovey 1961) in dried mats prepared 
from one and the same suspension. Factors such as these might influence 
the density measurements. Further, it is common experience that 
sedimentation of the suspension is erratie, probably because of the large 
surface-to-volume ratio and the fluffy splaying-layer morphology of the 
multi-layer crystals. Such crystals tend to stick together and the large 
flocculates can adhere bodily to the walls of the vessel or to the surface 
of the liquid and can also trap air bubbles. Selective adsorption and 
M iS ee ee eee are used, could be further 
NM = Ree te ae olving such procedures were tried 

: st instance we aimed at an absolute 
method where volume and mass are determined directly 
kept in suspension during the volume measurement. 

In the method satisfying the above re 
ee gotas with water, was filled and weighed with solvent and 
then with the suspension. The solvent was then evaporated and the 
weight of the dried polymer assessed. If m Eni po; exte. tre donies ot 
solvent and polymer respectively, W, the xm of sol x T " 
fill the bottle, W, the weight of polymer contained i Sx d o 

$ s N 1a total weight IW. 
of suspension filling the bottle, then considerin E: 3 
g that the difference 


with the crystals 


quirements a density bottle, 
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between W, and W, is equal to W, less the weight of the solvent which 
it displaces, we have : 


W;—W, Wi —py/ps). 
Thus 
pa =p1W2/(W + Wy — Wa). 


The accuracy of the method is limited by the fact that small differences 
of large weights are measured. This error source can be minimized by 
using large quantities of the precipitate, which is most readily achieved 
when crystallization occurs from concentrated solution. We chose such 
orystallization conditions, being aware of the fact that by doing so we 
are departing from those circumstances under which single crystals 
have been most exhaustively studied and their regularity convincingly 
established. 

The experimental details were as follows. The samples were obtained 
by crystallizing Marlex 50 from a 1% solution in xylene at 70°c. In 
two experiments the density bottles were filled at 30°c, in two others 
at 27-4°c. Temperature fluctuations from these values were not worse 
than +0-01°c and were possibly below this figure. The density bottle 
was immersed in acetone while in the thermostat to ensure quick 
drying on removal. The transfer of the suspension was effected by 
pipetting out the loosely sedimented suspension from the crystallization 
vessel and into the density bottle below the surface of some xylene 
already there in order to avoid contact with air. Drying was carried out 
first by keeping the suspension at 90°c for a prolonged period. When 
merely moist it was placed in a vacuum oven and dried to constant 
weight. In a rotary pump vacuum this was practically reached at 45°c 
provided that the precipitate was prevented from forming a compact 
mass. Only insignificant additional weight decrease occurred when the 
temperature was raised to 100°c and no more beyond that even above 
the melting point. 

Four determinations on four newly prepared samples gave densities of 
1-003 + 0-004, 0-998 + 0-004, 1-003 + 0-008 and 0-993 + 0-006, the first two 
referring to 30°c, the last two to 27-4°c. In order that repeated 
determinations of W, could be made for a single value of W;, the bottle 
was topped up with pure xylene and several weighings made with 
repeated topping up and replacement of the stopper between each. 
Similar repetitions were made for W,. (It was ascertained that within the 
error of the individual weighings the value of W, was identical when 
fresh xylene, and xylene within which the polymer had been crystallized 
and then removed by filtration, was used.) The difference W,—W, 
varied between 93mg and 97mg when W, was 650 mg, to quote one 
example: this variation was the principal source of error. The error 
limits quoted above were obtained by calculating the densities from the 
extreme values of W,;—W, obtained from the difference of the lower 


P.M. 4L 
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limit of W, and the higher limit of W, and vice versa m a a 
" These conditions are rather severe and we believe that the 
The larger inaccuracies in 


antities of the precipitate 


weighings. 
actual inaccuracy is less than that quoted. 
the third and fourth runs are due to smaller qu 


having been used. : 
ity fi à any of the likely error 
The above density figures cannot be reduced by any 0 / d Vio: 
sources. One of these, the retention of solvent, in case os fe E : 
i 5 ecreas being less than pa). 

incomplete, would increase Wa and thus decrease p; (p, being less ) 


ial. soluble or insoluble, depositing from the 17t ne 
Any extraneous material, solu ! en 
would have the same effect. Occlusion of air bubbles will decrease Wg 
which again will decrease p, Thus if any such sources of error wove 


present our results would be too low ; accordingly the figures ure ->fe 
as lower limits. 

In view of the lower values reported by others who used flotat. 
methods, we carried out such measurements ourselves for comparison. 
In the first place we used the density gradient tube method on dried 
specimens. To avoid the most obvious source of error, trapped air, the 
specimen was first placed im vacuo and submerged in the measuring 
liquid while still there. Even so, the densities obtained were in the 
low range of 0-955-0-975 at 25°c. These readings, however, were not 
consistent even within themselves. The size of the specimens had a 
small but noticeable effect; thinner flakes gave higher values, the 
differences being in the third decimal place. We employed two kinds of 
gradient column, one containing water and alcohol, the other xylene and 
carbon tetrachloride, both of which are in common use. Final readings 
in the polar water-aleohol mixture were usually lower, in the range of 
0:95-0:96, than in the non-polar xylene-carbon tetrachloride mixture 
(around 0-97). This holds also for melt-crystallized films used in a few 
trials. In addition, in the water-alcohol mixture the specimen first sank 
lower than in the xylene-carbon tetrachloride column and could reach 
the density of 0:975, but over a period of a day rose up to near 0-955, 
the magnitude of this reversal effect apparently depending on the 
preceding storage time in alcohol or water-alcohol mixture. It appears 
that the lighter aleohol may penetrate the polymer preferentially. Also 
bubbles were often seen on the surface of the specimen in the water-alcohol 
ae Es et pore med originally in the liquid. 
mixture, or a water-alcohol NE 5 3 e rbon rao 
to rise from the specimen as iene ee ee are Wears 
x el nav is e A vaeuum was maintained, which 
density gradient column ae 1 * : RR ds a be che 

S 2 i hod gives density figures which are too low 
and often erratic. This, however, does not exclude its usefulness for 
comparative purposes if applied with circumspection. 

In the second type of flotation measurements we avoided dryin 
of the crystals. Small quantities of the suspension were pl à s 
xylene-tetrachlorethylene ixtur NE : pace d 
xy y mixtures of previously adjusted density 
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(the change of density due to addition of the suspending liquid being 
allowed for by calculation), and it was observed whether the suspension 
rose or sank on centrifuging. Only two of the original suspensions used 
for the density bottle measurements remained available for this test. 
One of them—the one which gave either the first 1-003 or 0:998 previously 
(unfortunately its identity could not be defined more closely at the later 
date of these tests)—gave a value of 0-993; the second which by the 
weighing method yielded 0-993 gave now a figure of 0:990. Two further 
specimens not previously used in the weighing experiments had densities 
995 and 0-990 by this centrifuge method, all at room temperature 
‘20°c). These figures are somewhat lower than the weighing results, 
where comparison was still available, but much higher than the gradient 
tube results and the figures obtained by others. This method proved to 
be particularly sensitive to the conditions of handling of the suspension. 
If contact with air was not carefully minimized while the suspension was 
transferred and while the mixture with the suspension in it was stirred, 
lower apparent densities resulted. Thus the last sample giving 0-990 
could give readings as low as 0-980 when precautions were relaxed. 
Also the following further observations were made. When liquid and 
suspension were apparently exactly matched, the precipitate did not always 
spread over the centrifuge tube uniformly but could be concentrated in the 
form of a ring somewhere along its length, although no density gradient 
was expected to be present. This might be due to some adhesion of the 
flocculating crystals to the glass. Sometimes when the densities were 
only nearly matched, the sediment split in two, one part rising to the top, 
the other remaining at the bottom of the vessel on standing after 
centrifuging. However, all these uncertainties only affect the accuracy 
in the third decimal to a few units. We conclude that the centrifuge 
method can give results which are just slightly lower than those from 
direct weighing, but unless care is taken significantly lower figures can 
also be obtained. 

The figures obtained by the density bottle method, which we accept 
as the most reliable, are near the crystallographie sub-cell density. 
The exact value of the latter is known to vary slightly with the type of 
polyethylene and type of specimen. Therefore we determined the lattice 
parameters on our own solution-crystallized specimens. A Guinier-de Wolff 
type multiple powder camera with curved monochromator crystal was 
used with TICI (cubic with a —3:845 4, value by Straumanis et al. (1939), 
adjusted for the revised wavelength of 1-54184 (weighted mean of 
CuK, and CuK, )) as a calibrating substance. The parameters obtained at 
20° were: a =7-415A, b =4-960 Å and c —2-5464. The value for c agrees 
with the latest figures by others, Swan (1961) and Bunn (1963, private 
communication), but those for a and b are definitely higher. On noticing 
this fact, the lattice parameter of the TICl used was checked against a sample 
from the internationally calibrated silicon standard (Parrish - 1960), but any 
discrepancy, if present, was found to be less than 1 : 2000. Adjusting 


412 
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for the known thermal expansion coefficients (Swan 1961), a figure of 
0:993 was obtained for the crystallographic sub-cell density at 30°C 
(the difference between 30?c and 27-4°c not being noticeable within our 
accuracy). This is smaller than the latest precise value of 0-997 quoted 
for a bulk Marlex specimen (Swan 1961). Tn a subsequent cheek on this 
with our technique, a piece of melt-crystallized Marlex gave a figure of 
0-998 at 30°C, thus in close agreement with Swan’s figure. We cot 
an error of + 0-002 in our x-ray density figures a safe estimate, consequ nily 


the lower x-ray value for the solution-crystallized specimens roms:as 
distinct. This distinctness is not dependent on the accuracy of the «cor 
assignment as it is obvious by mere inspection of a multiple wow ter 
photograph where the two patterns are recorded on the sare “im 
side by side and the differences in the spacings can be directly s 2. 


These differences apart, the essential point is that the erystallogra::/:ie 
sub-cell density falls within the scatter of our density results, this scavser 
being rather in the upward direction. 

Our results as they stand show that from the density results alone there 
is no compelling reason to invoke an amorphous component in these 
single crystals. A very few per cent could perhaps still be accommodated 
within the accuracy of the measurements. Accordingly the majority of 
the folds would be sharp ; a high proportion of large loose loops could 
not be accommodated. 

To interpret small departures from the sub-cell density one needs to 
consider that (a) the true crystallographic density may slightly differ 
from the sub-cell even when the folds are sharp and (b) the density as 
measured will be somewhat affected by the packing considerations 
of the immersion liquid at the crystal surface. These two effects are 
closely linked. In an isolated monolayer consisting of flat hairpins 
stacked all level, the density will be higher at the surface containing 
the folds, thus the overall density will exceed that due to the Sian 
stems (sub-cells) alone. If the hairpins were not planar, of two or TOR 
kinds, and were stacked in a staggered fashion—which is how we visualize 
the folds in a crystal (Bassett e! al. 1963)—the true crystallographic 
ae could, in principle, be higher or lower than the sub-cell density. 

ae ae nn on the detailed configuration of the fold and on what 
vie tosti E the envelope of the molecularly rough surface. This last 
point leads to the question of how closely the liquid molecules follow the 
polyethylene surface which, in turn, leads to the question of molecular 
packing at the solid-liquid interface, i.e. to point (b)). Conversely, the 
packing consideration of the liquid molecules would Tai back B the 
exact configuration of the polyethylene chain along the fold ut 

Under these conditions the exact definition of what we TRUE 
aS ORCI TESI à we mean by density 

: y volume displacement methods—which include all the 
techniques considered here—remains problematie in the ab f 
detailed information on the surface structure of pol xi i d s id 
In the normal course of density measurements m eem ti Poe 
negligible but in the case of particles of high Enel p CEU 
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complexity, as in that of our polymer crystals, these might fall within 

the range of the measuring accuracy, and would affect the issue whether 

the sub-cell or true unit cell density is larger. Here we merely point 
| ovt that in principle it could be larger. This would be reflected by the 
measurement if the crystals were either all monolayers, or if the individual 
| ‘ayers forming multilayer crystals splayed apart. If consecutive layers 
'n a crystal were stacked closely together, then the layer-to-layer gap 
right outweigh the effect the folds would have individually and the 
deasity might be slightly lower than that of the sub-cell. 


1 Crystals grown at 70?c from a 1% xylene solution in their mother liquor. 
| Photomicrograph, phase contrast. 600x. 


Now our density figures scatter about the ideal sub-cell density. Two, 
possibly three, of them are higher while one of them is equal or lower. 
We believe that the difference at least between the extremes of these 
figures is real. Morphologically, crystals formed at 70°c from 1% solution 
| consist of splaying layers (see figure). Unaccountably, however, the 
| specimen giving the low density of 0-993 was different; it consisted of 
| minute, very compact objects. It is possible that the small difference 
| in density is connected with this difference in morphology in the above 
| sense. Clearly further critical tests would be needed to establish such a 
| correlation conclusively. Small departures from the sub-cell density 
| would also be influenced by the fold length. The density will increase or 
i decrease with the fold length according to whether it is below or above the 
i sub-cell density, to which it will tend with infinite fold segments. All 

this raises the possibility of relating small departures from the sub-cell 
density with variations in the fold length and lamellar stackings. In 
addition we have the new observation that even the crystallographie 
sub-cell density can be variable. It may perhaps be a function of the 
fold length. (In the bulk specimen of higher sub-cell density the x-ray 
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long period, which we take as being associated with the fold length, s 
2504 ; in the solution-crystallized preparation of lower sub-cell density 
used here, it is 1104.) Exploration of all these more subtle effects would 
require many more and very exacting measurements. 3 

It is significant that the present preparations were all from relatively 
concentrated solutions where the regularity of the single crystals may 
have been questionable. In fact such suspensions when dried down 
show irregular opaque masses with the typical single crystal lamellae 


only at the fringes. Only after these objects were examined whi still 
in the liquid could their relation to single crystals be ascertain ith 
some confidence (Mitsuhashi and Keller 1961, Keller 1962). Und: '&RC 
conditions more or less irregular sheaves were visible which ecu hc 


identified with splaying layers forming part of multi-layer single ory. als 
seen edgewise (figure). Accordingly the present density figures irs:oly 
that perfect or nearly perfect crystalline order may exist in a poly.aer 
even when this is not immediately obvious morphologically, a point 
which may be relevant to the even more concentrated systems. 

We point out finally that this is perhaps the first instance when a 
measured macroscopic property in a crystalline polymer is identical or 
at least very close to the value predicted from purely crystallographic 
data. Such samples may well serve as standards with which other kinds 
of measurements, in particular other methods used to assess crystallinity, 
could be compared with profit. 
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ABSTRACT 


An estimate is made of the clastic relaxation around a vacancy in solid 

argon when the three-body interaction of Jansen and Zimering is ineluded in 

| the erystal potential. An isotropie clastic continuum model and the lattice 
| theory of Kanzaki give similar results and predict a negative volume change 
Í per vacancy from elastic relaxation of the order of 25% of an atomic volume. 


Tas elastic relaxation of the atoms around a vacancy in solid argon has 
been calculated by Hall (1957) and Kanzaki (1957) for the static lattice. 
Nardelli and Chiarotti (1960) have made calculations for finite temperatures 
on the basis of the Einstein model of lattice vibrations. ‘These authors 
all use a Lennard-Jones central force potential and find only a small 
relaxation effect, e.g. a decrease in volume per vacancy equal to 2% of an 
atomic volume in the calculation of Kanzaki. 

There is evidence to suggest that a two-body interatomic potential is 
insufficient to describe adequately all the physical properties of argon, 
e.g. that from third virial coefficients (Graben and Present 1962). Foreman 
and Lidiard (1963) have discussed the formation energy of a vacancy as 
deduced from the sharp rise in specific heat with temperature near the 
| melting point (Flubacher et al. 1961) and conclude that there is a well- 
| defined discrepancy with the theoretical vacancy energy of Nardelli and 
| Chiarotti. It was suggested that this discrepancy could well be interpreted 
as evidence for the existence of many-body forces between near-neighbour 
atoms in solid argon, since these would change the static formation energy 
| of a vacancy relative to the cohesive energy per atom and which are other- 
| wise equal for any two-body central force potential. The recent theoretical 
| work of Jansen (1963 a, b) and Jansen and Zimering (1963) has shown that 
{ three-body forces of the required sign and magnitude can arise from 
exchange effects between near-neighbour atoms. 
| The three-body forces of Jansen and Zimering explain the stability of the 
l face-centred cubic structure and in addition reduce the static formation 
] energy of a vacancy to approximately the experimental value. ‘There is as 
| yet no other experimental evidence for the existence of short-range many- 
l body effects but they should give rise to a marked deviation from the 
| Cauchy relations between the single crystal elastic constants and may 
E also affect the shapes of the phonon dispersion eurves as measured by 
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inelastic neutron scattering. It would seem most desirable to find inde- 
pendent evidence to confirm the existence of these substantial man y-body 
effects since, if real, they are clearly of considerable importance m calculating 
both the defect and ‘thermodynamic properties of the rare gas solids, 

The analysis of the specific heat of solid argon near the melting point 
indicates that the formation energy of a vacancy may be less than the 
cohesive energy per atom by as much as 40%. The thermal equilibrium 
concentration of vacancies is then such as to make an excessively lurge 


contribution to the thermal expansion if the vacancy volume of for Sion. 
is equal to the atomic volume Va. A value of 4} Va or less would te ; ^or 
acceptable in the analysis of Foreman and Lidiard but theoretical o=.. ila 

tions with a two-body potential give negligible relaxation effects anc. t sre- 


fore predict the vacancy volume to be almost equal to Va. The purpo:? of 
the present paper is to estimate the magnitude of the relaxation arou::d & 
vacancy that would arise from the introduction of a three-body term ci the 
type calculated by Jansen and Zimering (1963). 

Consider the simplest phenomenological model in which two and three- 
body forces exist between only nearest-neighbour atoms. The form of the 
three-body term is not know precisely but the results of Jansen and Zimering 
suggest that for a triangle of atoms (labelled 1, 2, 3) 

you 1 4-3 cos 0; cos 0, cos 0, 


Ty fog Ta 5 
may be an acceptable first approximation]. "This is the analytic form 
derived by Axilrod (1951) for the three-body Van der Waals potential 
(third-order tripole-dipole term) but the constant C is larger here in 
accord with the results of Jansen and Zimering. For an equilateral 
triangle of atoms (6,=0,=0,=7/3) the potential term (1) provides an 
effective two-body repulsive potential equal to 110/2479 between each pair 
of atoms in the triangle, with respect to changes in crystal volume, i.e. to 
repulsive forces 9 

33 © 3 

"Tog mm d YOuengera-d) . . . . (2) 
where d is the interatomic spacing. In the perfect lattice these are in 
equilibrium with attractive forces arising from the two-body terms The 
removal of an atom from a lattice site to form a vacancy destro ys the 
contribution from the associated triangles and therefore annuls vn or this 
im qt between neighbouring atom pairs "This leaves 

ractive torces / between the 24 atom pairs i | p R 

neighbour atoms surrounding the e e p : dens 
structure) and the resultant inward radial force on Sh alee uh s 


F =4F cos Z = ya 
I Sis V (q). (3) 
T Jansen and Zimering have calcul 
of atoms with two nearest-neighbo 


internal angle is similar to that for 


ated the three-body ener i 

x gy for a triangle 
ur sides and find that the variation with 
the expression (1). 
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An alternative derivation of (3) is given in the Appendix. The variation 
of F; with elastic relaxation is small for the displacements found below and 
will be neglected here. 

The elastic relaxation due to these 12 radial forces P, will be estimated 
on the basis of (i) an elastic continuum model and (ii) the lattice theory of 
Xanzaki (1957). 


à) Elastic continuum model 

The crystal lattice surrounding the vacancy is represented by an iso- 
tropic elastic continuum with spherical internal and external boundaries 
atr=tdandr=R(RSd). The centres of the atoms in the nearest-neighbour 
shell around the vacancy lie at r =d but the elastic continuum is extended 
inwards to r— id in order to represent more accurately the elastic forces 


Elastic continuum model of a vacancy with the inner boundary at a radius of 
one-half the interatomic spacing d. 


between these atoms (figure). ‘The radial force Fron each of these 12 atoms 
are represented for simplicity by a uniform inward pressure 


_ H 
po Boitier eee) 


onthesurfacer=d. The elastic solutions (Sokolnikoff 1956) in the separate 
regions }d<r<d and d<r<R are chosen such that the normal stress 
vanishes on the inner and outer surfaces and is discontinuous by amount 
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p on r=d, whilst the radial displacement (7) must be continuous atr=d. 
The displacement of the first shell of atoms is readily shown to be: 
_ pÀ(32u + 3k) 3 E ui 
32u(4u + 3k) 
where p is the shear modulus (1019 dynes/em?) and & is the bulk modulus 
(2x 10!°dynes/em2)}. The change in volume of the outer surface is; 
m pd3(321. + 3k) 


TTA ue NSS OTE dod e MP 16 
P uk ve 


u,(d) = 


and the elastic relaxation energy is: 


a p*d*(32y + 3h) 


=— — . * . . . 4) 


ô 
165 (4p. + 3k) 


Iss] 


(ii) Discrete lattice model 
Kanzaki (1957) has evaluated by a normal coordinate analysis the elastic 

relaxation due to a set of inward radial forces F} applied to each atom in the 

nearest-neighbour shell. The radial displacement of these atoms in the 

‘first approximation’ is ($5 of Kanzaki): 

Fy 


Ur(d) = — 24-135 x 10? (8) 


and the volume change of the crystal due to this elastic relaxation is: 


O3 27d: 


Os rone E MET 


where 


dr? 


The relaxation which occurs in the ‘first approximation’ of the Kanzaki 
theory is the response of the perfect lattice, i.e. with an : 
at the intended vacant lattice site whilst the radi 


12 
A= |: 3 — 956 dynes/em. 
r=d 


T Values for elastic const : 
1957). nstants of solid argon at about 50°x (Dobbs and Jones 
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From (2) the attractive force F between atom pairs in the nearest- 
neighbour shell to the vacancy is 3A/d, where A is the three-body component 
of the potential of an equilateral triangle of nearest-neighbour atoms and is 


assumed to be additive. For the static lattice 
E (vacancy) = 68 + 16A, (10) 
E (cohesive) 2 68 + 8A (per atom), 


3 is the two-body energy of an atom pair, so that the difference in 
38A. The discrepancy may be of the order of — 40% of the cohesive 


encor y Der atom (Foreman and Lidiard 1963) giving an estimate of A to be 
— 19/, ot the two-body energy 3f of three atoms, where it has been assumed 
that tu. entire observed discrepancy in vacancy energy is to be attributed 


to the citect of the three-body forces. Jansen and Zimering (1963) estimate 
A to be twice this value when the contribution of non-equilateral triangles 
of atoms is also included, but for consistency in the present model the smaller 
value is adopted here (see Appendix). 

"The clastic relaxation for the continuum and lattice models is evaluated 
with ilie interatomic spacing d equal to 3:8 x 10-5 em and 1-4 x 10-Mergs 
for the cohesive energy per atom, giving]: 

(i) Continuum model: «(d)- —0-009d, 


èV 2—0:3257Va;; 
(ii) Lattice model: at (d) = —0-010d (— 0-007d), 
8V =—0-241V_ (—0-183V3); 


where V4 —d3/4/2 is the atomic volume and values in brackets are for the 
lattice model in ‘first approximation’. There is good agreement between 
the prediction of the isotropic elastic continuum model and the Kanzaki 
lattice theory. 

Tt is concluded that the volume of formation of a vacancy in solid argon 
can be appreciably less than Va due to the relaxation effects arising from the 
three-body forces of Jansen and Zimering, in contrast to the situation with 
a two-body potential. The value of $V4 obtained here is approximate, 
however, because the relaxation depends on the precise form of the many- 
body interaction potential, which is not known accurately at present and 
may not be represented sufficiently well by the expression (1). In addition, 
the relaxation will be modified by the effect of the many-body forces on the 
elasticity of the perfect lattice surrounding the vacancy and by the effect 
of further-neighbour interactions (Appendix), but it is difficult to put 
these corrections on a sound quantitative basis until the form of the many- 
body potential term is known more precisely. However, this should not 
alter the general conclusion that the three-body forces of Jansen and 
Zimering can, if correct, give rise to an appreciable volume relaxation for a 
vacaney in solid argon. 


T The elastic relaxation energy is from (7) of the order of 2% of the vacancy 
formation energy and may therefore be neglected in discussing the discrepancy 
in vacancy energy. 
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APPENDIX 
The following analysis suggests that more general three-body torms 
A(n, n', n") (e.g. the non-equilateral triangles considered by Jansen snd 
Zimering) and two-body terms £(n, n’) in the crystal potential shouid Ù 
have an appreciable effect on the elastic relaxation. The static ecc. ve 
energy per atom and vacancy energy are now: 


E (cohesive) 21. > A(n,n’,n")+ 315 (n. n^), 


E (vacancy) 23. X A(n,n',n") 4 1» B(n, n’), 
n’/,n” n 

where each triangle of atoms is counted twice in the summation, and the 

condition for static equilibrium of the perfect lattice is : 


0 0 

= n,n’)= —1_— A(n, n', n^), 

od 2B ) * ad A. © ) 
where d is the interatomic spacing. The potential energy of the two and 
three-body terms that were associated with the vacant lattice site n is: 


V=} $ A(nn,n"- (nn), 

so that TES 4 
oV e ds 

T =12F,+6\/2F +... 


9 d 
=i È A(n n',n )» 


where Fr is the radial force on the atoms in the second ne 
shell and subsequent terms arise from further 
three-body potential (1) is proportional to d~? for 
this choice of potential there is the relation : 


arest-neighbour 
-neighbour shells. The 
all triangles, so that for 


Fifa ce L A(n, n’, n^) 


3 : 
oni E (cohesive) — E (vacancy)], 


which reduces to (3) for tl i E i 
e (3) 1e case of equilateral triangles of nearest-neighbour 


The elastic relaxation will th imi 
e relaxa erefore be simil i 
body potential consistent with o eo sci 


uy a given discrepancy in vacancy en 
provided that FL > Fim... which should hold reasonably well de EUM 
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of the short-range nature of the interatomic forces. Itistobenoted further 
that the additional forces Fr on the second shell of atoms will not change 
the volume relaxation of the crystal in the ‘first approximation’ of Kanzaki 
(1957) since, from § 5 of that paper, it is proportional to P; + P ,,/4/2, which 
is directly related to the discrepancy in vacancy energy. It may also be 


s it is concluded that the introduction of more general three-body 
is +3 of short-range character should not substantially affect the estimate 
oi - iume relaxation made here on the basis of a simple model. 
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ABSTRACT 


Approximate distributions for dislocations in linear arrays have previously 
been found by a method in which discrete dislocations are replaced by a 
continuous distribution of elementary dislocations. This method is now 
extended to cases where screw-type arrays are stacked one above the other 
in infinite sequences. 

When the ratio of the separation to the length of an array is small the 
number of dislocations in each is determined by the stress and separation and 
the associated strain by the applied stress alone. 


$ 1. INTRODUCTION 


APPROXIMATE solutions for the distribution of dislocations in linear 
arrays may be found by the method first used by Leibfried (1951). In this 
method, which was further systemized by Head and Louat (1955), the 
discrete array is replaced by a continuous distribution of infinitesimal 
dislocations and the distribution obtained as the solution of a singular 
integral equation. This method has the advantage of simplicity compared 
with the exact method given by Eshelby et al. (1951), and in an extended 
form by Head and Thompson (1962). 

It should be noted that if the Burgers vector of the dislocation lies in 
the plane of the array, the smeared array may be considered to represent 
a freely slipping crack, and in terms of this description the solution is exact 
in so far as elastic solid theory is concerned. Similar considerations apply 
if the Burgers vector is not in the plane of the array (Priestner and Louat 
1963). 

a the present work this method is used to find distribution functions 
for the case of screw-type arrays in which the arrays are stacked one above 
the other in an infinite sequence of constant vertical separation. 

Unfortunately it has not yet been found possible to treat the case of 
stacked edge arrays. For this reason it is not possible to make a direct 
comparison with Stroh’s (1955) conclusion that stacked edge arrays do not 
interfere greatly. However, for screw dislocations the present results 
show a marked mutual interference. 
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$2. FORMULATION OF THE PROBLEM 

Suppose that the infinite sequences of y=0, th... nh planes are the 
slip planes, that the screw dislocations are parallel to the z axis and that they 
can move only along the z axis. Suppose further that dislocations lie in 
intervals 2g — tı, ta— tz... ete. on each of the planes y= nh. Let f(x) be 
the dislocation density at any point on these planes, with the conventions 
that f (x) is positive in regions where the dislocations are positive and vice 
versa and that positive shear stresses tend to move positive dislcontions 
in the positive direction. Let P(v) represent the operative sheax “ress 

An element of screw dislocation of strength f (z)8v/A at (v, nA) pre ces © 
stress at (vo, mA) : Ks 

Af (a)8x(v — vg) {cay +n—mh?}. 
where A = uA[2z, y. is the shear modulus and A the Burgers vector oi & unio 
dislocation. The total stress due to all such elements is: 
ee IT] 
Af (x) dux—ay > EMI 
-ez—vy +N 
This may be summed exactly (Whittaker and Watson 1958) and is: 
Af (x) 
2h 

At equilibrium the stress at (x9, 0) due to the applied stress and all the distri- 
buted dislocations must vanish and gives: 


A 7 
= — P(x)+ 35 f ro coth (x— vo) B dz, 


where the integration is to be carried out over the region L consisting of all 
i H i 3 z - . . B B x 

the inter vals To= TT — tz... of the real axis on which dislocation appears. 
While this formulation gives a concise statement of the problem it is more 
appropriate towards a solution to write: 


0- Pe) 4 |. fta Y {aa + 2h} dx 


= -Penta | Sofie- Slee tinh) + 1/(® —2) — inh) je 


=-Pem)+4l 10), 

7 Puy Dem ect E proe lsh) 
where z—z--iy. Equation (1) is valid provi 

r ; í provided f(z 
of integration D which consists of all the iR : 
on all the planes y= + nh. = 


8x coth (x — 29) 5 : 
l 


)= f(x) on the region 
=Y; %y—%;..., ete. 


$3. PROCESS or SOLUTION 


When dislocations are confined to the real axis ( 


the equation of equilibrium is, i.e. a single slip plane) 


| 
| 
i 


rr ee, Coen OUR 


| 
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Equations (1) and (2) are formally similar. The processes of solution 
might therefore be expected to be similar also. This we shall find to be so. 
Solutions for eqn. (2) have been given by Muskhelishvili (1953) in the 
form of an inversion theorem which we shall state in part. Suppose L 
consists of p finite segments of the real axis. Suppose also that g(x) is to 
hounded at q of the end points of these segments, denoted by €, .. -Cg 
| 5hat at the remaining 2p —q end points it is to be unbounded. Write 


R (x)= Thee: R (x)= II (&— cr). 
kal k=q+1 


JE if p=q=0 solutions of (2) always exist and are given by 


sea- Fan (Rel (scs t c ® 


In the present work we shall confine our attention to those cases in which 
p=q and in which P(%)=c is constant. Straightforward application of 
the theorem to eqn. (1) then gives: 


EN MIC 


where the ratio R,(z)/R,(z) is given by 


dz 


D 2p 2p 
; II H (w—c,+inh)(v—c,,—inh) [I sinh(z—oc,)m][h 
R,(2) — 2=0 k=q+1 _ k=q¢l 1 
- E E p 
Fate) II (s—e;4imA)w—ec,—inh) — [[ sih(z—c;)s[A 
n=0 k=1 k=l 


On the lines y= +nh this ratio becomes: 


It sinh (x — eof sinh (x — cp) fh, 
kl 


k=qt+l 
which is consistent with the condition that f(z)= f(x) on the regions of 
integration D. 

Consider now the integrals in eqns. (3) and (4), and suppose as a basis for 
comparison that they be evaluated by the use of contours. In the case 
under consideration (P =q and P(x) = — o= constant) the only contribution 
to the integral in (3) comes from the circle at infinity and has the value ~. 
In those cases of eqn. (4) in which the limit as z— co of R,(z)/R,(z) is 1 the 
integralis again z and the equation is valid. However, in some cases this 
is not so and the equation must be modified by the inclusion of a multiplying 
constant. 

We shall now consider two problems of physical interest which may be 
solved in this way. In the first the limit of R,(z)/R(z) as z—- co is 1 in the 
second this is not so. 


$4. EXAMPLES 
(1) On each plane y= 3 nh: n positive dislocations in the range a<a<b, 
^ negative dislocations between —b<x<—a. The dislocations are 
forced against blocks at x= +b by an applied stress o. f(x) is to be 
unbounded at v= +b and bounded at v= +a. 


P.M. 4M 
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It may be verified by substitution in (1) that a solution is 
c sinh (x — a)z[h - sinh (x -- a)z]A 


/ w=] (ene e aE E e) EIU 
b 


The number of dislocation pairs on a particular plane is n = | ; J (x) dx, which 


may in this case be expressed in terms of the normal elliptic integrals. 
However, we shall not adopt this procedure here but rather note tos pre- 
ceeding by the methods of contour integration the integral reduces *o the 
form: 


ch c | Ag (= 2nt[h — cosh zn) 1/2 
n= dt. 


IA mA J n2 \cos 2nt[h — cosh 27b/h 
For the case of particular interest here, namely (b — a) >h, this belit; 8 so 
as to give the result : 


n~ E (1—exp [—2z(b — a)/h]}, 


which tends rapidly for increasing (b —a)/ to the limit 
n —ch|2nA. err) 


The maximum strain associated with the corresponding displacement in 
—a&«xv ais then found to be e, — 2A — c[u. In accordance with this result 
we shall see that the stresses in this region of x go to zero under the same 
conditions. ‘Thus the stresses c. due to such an arrangement of dislocation 
pile ups are given for points on the lines y= 4 nh outside the intervals 
asxsb by 


yz 


gS (Ss 2mv|[h — cosh 2na/h\ V? 2 
cosh 272/h — cosh 27b/h (e) 


which tends to zero as (b—«)/h— co for |v[ «a. At points off these planes 
the stresses cannot be represented in any very straightforward form. 
Forthisreasonthey will not be recorded here. Returning to a consideration 
of eqn. (6): 

n—oh|2n4A ; e, =o], 


we note, in contrast with the result obtained for dislocations on a single 
slip plane (Head and Louat 1955), that the number of dislocations is 
independent of the dimensions of the individual pile-ups. A little consider- 
ation of the physical situation will show that this must be the case for edge 
as well as screw dislocations. At the same time we are led to Sees 
that in any three-dimensional deformation process, in which the defor- 
mation lies wholly within a continuous surface, the total strain in that 
region cannot exceed the maximum elastic strain external to the surface 

(2) On each plane y= nA: a dislocation block at v=a, n atin 
dislocations between x — 0, t— a, forced against the block at 2 ee 

Tt may be verified that a solution of (1) in this case is: ee 


f (a) Z sech an/2h . sinh ah ^ uz 
TÅ 4: Caere) : 
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The number of dislocations on each plane is then found to be: 


oh 
n= 


tanh za/2h. 


Ti. 
The strain associated with the corresponding displacement at «<0 is 
c/aA tanh (a7/2h), which tends with increasing a/h to the limit: 
ep = NA|W=2o)/t. ee s (9) 
5 may be noted that the strain given in eqn. (9) is just twice as large as 
strain given by eqn. (7) in the first problem. This difference does 
; invalidate our conclusions on the behaviour of bounded regions of 
Gc «mation, since in this case the region is unbounded. Thus the configur- 
atio. ve have considered may be arrived at by supposing that n dislocations 
on ex2h slip plane have been brought from — co. 
The total stress o}, on the planes y= + nh outside the interval 0 € v x « 
in the presence of the dislocation distribution (8) is: 


sinh 7a/h 1/2 
sinh r(a—x)/h. haz/2h. 
o (zs m(a me zm) secen am] h 


For large positive and negative x respectively this becomes 
2g|[1-- exp (—az[h)] and. 2o[1+exp (az/h)]. 
These in turn tend for increasing ajh to 2c for 2 positive and to zero 
for x negative. 

For a<h these quantities become o(l1+a7/2h) (positive x) and 
c(l—az[2h). These are stresses which would result from the superposition 
of an applied stress c and a wall of screw dislocations of spacing and 
Burgers vector ÀA—caA[2A (Li and Needham 1960). 

It may be noted that proceeding in this fashion counterparts of nearly 
every example given by Head and Louat for linear arrays may be obtained 
in a routine manner. We shall not do so here since the situations would 
seem of little physical interest. 

Finally, we should add that this method is also applicable to staggered 
arrays such as that described below. 

On each planey= + nh: a dislocation block at — 5, n positive dislocations 
in the range a<n<b. On the interleaving planes y= +(2n+1)h/2: 
a dislocation block at z— —0, n negative dislocations in the range 
—bzmz —a. The dislocations are forced against the blocks by the stress 
(—o). f(x) is to be unbounded at z—5, bounded at =a. A solution is: 

a. +o (sinh z(b—«)[h cosh x(b-+a)/h ) 1/2 
uel TA (= m(x—a)/heosha(a+2)/h} ` 


$5. DISCUSSION 

We have seen that inside a ‘zone’ of plastic deformation consisting of 
an infinite vertical sequence of parallel slip planes the maximum allowable 
plastic deformation is just as large as the elastic strain given by o/u. It 
is also clear that basically similar conclusions would be valid if the system 
were bounded in the y direction (see Eshelby 1957) 


4M2 
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These results emphasize the need for the inclusion of considerations 
of ‘continuity’ of slip if large plastic strains are to be considered. The 
necessity for strain continuity has long been recognized in the mathematical 
theory of plasticity, but generally no specific account of it has been taken 
in theories of work hardening. 

As an illustration consider the following calculation. Suppose a 
material of shear modulus pz is subjected to a uniform shear stress c. Let 
there be WV slip planes/unit volume, let A be the area/slip plan: it is 
then said: the number of dislocations (Burgers vector À) on each ye is: 

nzov/Alpr 
and the ‘plastic’ strain 

€, = No A?" |p. aC GO NN (10; 
We note that, depending on the size of N, c and A assumed, e, car. navo 
any value at all. However, this result is obtained on the basis that iter- 
actions between individual slip planes may be ignored; it may thus be 
anticipated that it will apply only to cireumstances in which these inter- 
actions are small and hence to cases in which NA? <1 (taking a range of 
important interaction —4!?) so that e,«o[u. Equation (10) is thus 
invalid for the plastic strains (normally 7195) met in practice. Further- 
more, even if this equation be modified to allow for dislocation interaction 
the predicted strain cannot exceed the maximum elastic strain occurring 
anywhere in the body which at the theoretical strength is ~ 3% (o;/u ~ 1/30). 


ACKNOWLEDGMENT 


The author is grateful for clarifying discussions with Dr. C. A. Johnson, 
of this Laboratory. 


REFERENCES 

ESHELBY, J. D., 1957, Proc. roy. Soc. A, 241, 376. 
SEQUI T Frank, F. C., and NABARRO, F, R. N., 1951, Phil. Mag. 

, 301. : 
Hran, A. K., and Lovar, N., 1955, Aust. J. Phys., 8, 1 
Heran, A. K., and Tuompsoy, P. F., 1962, PRI Mag 7 439 
LEIBFRIED, G., 1951, Z. Phys., 130, 214. DCUM 
Li, J. C. M., and NEEDHAM, C. D., 1960, J. appl. Phys., 31, 1318. 


MUsKHELISHYILI, N. 95 yi . ; 2) ; 
DN PAR Ny. 1953, Singular Integral Equations (Groningen : 


Prrestyer, R., and Lovar, N 1963, 4 

Š PEATA LATAN S Le , Acta Met. 95 
STROH, A. N., 1955, Proc. roy. Soc. A. 232 549 Td 
WHITTAKER, E. T., and Watson, G. N. i : 


958) Al Gourse in M À 
(Cambridge : University Press) eI Analyse 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


| 
| 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


[ 1225 ] 


Interpretation of the Thermomagnetic Effects 
in Bismuth-Antimony Alloys 


By H. J. GOLDSMID 


‘he General Electric Company Limited, Central Research Laboratories, 
Hirst Research Centre, Wembley, England 


[Received 25 January 1963, and in final form 23 April 1963] 


ABSTRACT 


An attempt is made to explain the previously reported thermomagnetic 
cileets in alloys of Bi with 6-3 and 23 at. % Sb using the band structure model 
first proposed by Abeles and Meiboom. It is shown that this model predicts 
ihe qualitative features of the Nernst and magneto-Seebeck offects. It is 
concluded that the band structures of Bi and Bi-Sb alloys containing up to at 
least 23% Sb are similar. It is also suggested that there is a heavy-hole band 
that comes into prominence on raising the temperature from 80?x to 300°K. 


$ 1. INTRODUCTION 


SEMICONDUCTING behaviour of some of the alloys between bismuth and 
antimony was first suggested by Heine (1956) and apparently confirmed by 
Tanuma (1959) and Jain (1959) as a result of their measurements of the 
electrical conductivity and Hall effect. These observations have attracted 
the interest of other workers and recently the change of Seebeck coefficient 
in a magnetic field (Wolf and Smith 1962) and the thermomagnetic effects 
| in general (Ertl et al. 1962); have been studied. Here an attempt is made to 
interpret the results reported in I on the basis of the simple multi-valley 
band structure that was employed successfully by Abeles and Meiboom 
(1956) to explain the galvanomagnetic effects in Bi at 80°K and 300°K. 


§ 2. EXPERIMENTAL RESULTS 


Before proceeding further it is necessary to clarify one or two points of 
detail relating to the experimental results of I. The measurements were 
carried out using two samples containing 6:3at. % Sb and 23:0at. % Sb 
respectively; these samples will be referred to as 6:3Sb and 23Sb. ‘The 
primary flow of heat or electric current lay along the binary axis for 6:3 Sb 
and along the bisectrix for 23Sb (the orientation of the samples was 
defined incorrectly in I). The experiments were performed with a trans- 
verse magnetic field either parallel to the trigonal axis (orientation P) or 
perpendicular to this axis (orientation S). 

The values for the Seebeck coefficient (a,) in I refer to the experimental 
condition that there should be no transverse flow of electric current or heat. 
However, the Seebeck coefficient o; for no transverse potential or thermal 


t This paper will be referred to as I. 
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gradients can be interpreted rather more easily. The difference between 
the Seebeck coefficients under the two sets of conditions is given by 


(4 — oy) 9 H (QR soy + SQ ys): DA CAT UM (1) 
where « is the direction of the primary temperature gradient and y is the 
direction of the transverse effects due to the magnetic field H,. Qj), is 


Fig. 1 


Cn NNNM eu d Ne e aec ecce a mme ard Rame eee 
| 


-— 
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the Nernst coefficient, R;, is the Hall coefficient and S; is the Righi-Ledue 
coefficient, where t is the direction of primary flow and k is the direction 
of the resulting transverse effect. 

The curves A of fig. 1 show the experimental values of a, for 6:3Sb 
ctted against the magnetic field H. The curves B are the calculated 
veues of a,—ay leading to curves C for ej. Qualitatively, then, —a; 
ir ‘os P orientation rises for small fields and falls rather slowly for high 
fils while, in the S orientation, — o, falls rapidly with field, changing sign 
a% o2out 3000 oersted. 
igure 2 gives the electrical conductivity o, in a magnetic field for 6:3 Sb 
, was calculated from the measured electrical resistivity p, 
ing the expression : 


cado 


1 RH? 
— —pgd 5 aft” TEP re ge eer va EH Maite (2) 


Oy Py 


assuming that p,~p,. 

The low-field Hall coefficients and the high- and low-field Nernst coeffi- 
cients for 6-3 Sb at 80°K are given in table 1. The results for 23 Sb at 80°K 
and for both samples at 300?x are mentioned in I. 


Fig. 2 


2 1 
2 4 6 8 x10° 
H ce 


Electrical conductivity in a magnetic field for 6-3 Sb at 80°K. 
P. E || Binary axis, H || Trigonal axis. 
S. E || Binary axis, H || Bisectrix. 
Xx,O. Experimental points. 

. Theoretical curves. 


$3. THEORETICAL MODEL 


The experiments that have been carried out near liquid helium tempera- 
ture to determine the conduction-band structure of Bi indicate that the 
equal-energy surfaces can be represented by ellipsoids that are tilted with 
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T | 
; LO | 
respect to the principal axes in the Brillouin zone es a J ae meee 

1962). However, the galvanomagnetic measuremen s P E. n p 
Meiboom (1956) at 8S0?x and 300°K were adequately exp m à aec: 
simpler model of a three-valley conduction band E i " 8y 
surfaces that are ellipsoids with axes parallel to the prineips m a s: | 
equal-energy surfaces in the single-valley valence pane are 8 Duos S E | 
revolution about the trigonal axis. Since our measurements pec also | 
carried out at 80°K and 300°K, we have attempted to apply tho type of 
model of Abeles and Meiboom to the Bi-Sb alloys. 


: A y 3 Irov axe | 

Table 1. Coefficients for 6:3 Sb at S0?x. Primary flow along bins:y axis | 

Coefficient Magnetic field Experimental Calcviated | 

Zen 6-80 x 10? ohm-! cm~? jf | 

c Zero j 
R(P) Low, || trigonal axis | —2 cm? c- T 
R(S) Low, || bisectrix —33 em? c71 iT 

] i i 5 — — DY p erveeslyslersil | 

Q(P) Low, || trigonal axis 0:5 em? sec! deg-1 1-2 em? sec! deg | 

High, ll crigonal axis 1-1 em? sec-! deg-t 2:5 cm? sec deg | 

i 

Q(S) Low, || bisectrix 1-1 em? sec-! deg-i | 

T ; S eeu E 

High, || biseetrix 2 to 4 cm? sec-! deg-t 11-1 em? see! deg-t l 

| 


j Band parameters adjusted to fit these coefficients. 


Abeles and Meiboom assumed that the relaxation time + of the charge l 


carriers is both isotropic and independent of the energy e, whereas there is | 
strong evidence (see e.g. I) that roceìwithÀ= — 3. However, in view of the 
partial degencracy of the charge carriers, the 


assumption of an energy- 
independent relaxation time may not be too bad an approximation, at | 


least for some of the effects. In particular, like Abeles and Meiboom, 


we make this assumption when considering the Hall and magnetoresistance | 
coefficients. 


The electrons are described by three mobilities for 
the binary axis, ju, along the bisectrix and Hg along th 
holes have two characteristic mobilities, v; perpendicular to the trigonal 
axis and v; along the trigonal axis. Itis assumed that the electron and hole 
concentrations are both equal to N. Then, when the electric field lies along 
the binary axis of the crystal the electrical conductivity is given by: 


OLD UOTA (3) 


The low-field Hall coefficients are: 


R(P)= — A Halls — vy? 3 
Ne (Hy + Hy + 2v, 


each valley, p, along j 
etrigonalaxis. The 
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and 
: 1 (kai + Ho) = 2viv z 
RO=- y [ferre e) G 
Ne | (uit Hat 2v)(ua + va) E 
The electrical conductivity in a magnetic field is given by: 
c(P) =an(P) 4- o (P), Vostra IC E NE E E ERO) 
vere 
P)=Ne (u1 + is)? z : j 
on(P) |e ben at Spee Oe) 
and 
P) = Ned ea 5 
op(P) oem] . (65) 
or 
o(S)&en(S)onS) 9a «2 2 NR S 
where 
: = 3 (uy + 3p49)/6 a 
S)=Ne ial 1 2/1 Ta 
a er 1+ palu + 3yo) [4 d) 
and 
3) Ne) D 
op(S) ef pop (7 ) 


The isothermal Nernst coefficient of an intrinsic conductor (Putley 
1960) is given by the expression: 


k — RyOpxOny + Ryop2py 7 (Raty = By opy)(On = Op) One Fpx (8) 
Ghar 


Q-—aAÀ- 
[2 Oy 90, 


where 2 is the direction of the temperature gradient and y the direction of 
the resulting electric field. Ry and Rp are the partial Hall coefficients for 
electrons and holes, an and ap are the partial Seebeck coefficients and a is a 
factor that falls from unity for non-degenerate material to zero for com- 
pletely degenerate charge carriers. W hen our model is fitted to eqn. (8), 
we find for low magnetic fields : 


Q(P)-—aA ko mbto" o. (eio) (Qpausl (us + po) + va Ya o) (9) 


e (ua + uo)]2 + va 24 (21 + pa)? + y 
and 
: k (pa + He) Hal? + viva (Hy + Ma). 
Q(S) =a) = (orn = peste i Nee Tt ae ak (CI) 
e e H3 + Vs deum 20. u)[2 + vij En 


If it were assumed that the relaxation time is energy-independent the first 
term on the right-hand side of eqns. (9) and (10) would be equal to zero. 
Tt is more realistic here to set À equal to — $ even though this is not perfectly 
consistent with the assumptions implicit in the expressions for the conduc- 
tivity and Hall coefficients. It is noted that in a high magnetic field onl 
the second terms in eqns. (9) and (10) will be WESS x Z 
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The Seebeck coefficient o, for no transverse potential or thermal gradient 
may be written as: 
B ] D 
_ anon(P) + apop(P) 


eee ae MENMLUT RT, 
ay (E ) o(P) 
or à 
(Sy LL anan(S) + apop(S) epe (12) 
a(S) = lane See ie 
where the partial electrical conductivities are given by eqns. (6:5, (64), 


(7a) and (75). 


$4. GanvaxoMacxETIO ErrECTS IN 6-3 Sb at 80°K 


Jain (1959) has shown that the mobilities in Bi-Sb alloys are rati 
than in pure Bi so that Abeles and Meiboom's results cannot be used divcet y. 
There are insufficient experimental data to determine the band parameters 
for the alloys independently but, since it is not expected that the mobilities 
for 6:3 Sb are much less than for Bi, itis supposed that the ratios between the 
three electron mobilities and between the two hole mobilities remain 
unchanged. Thus, at S0?x: 


Ja = 40 ps, 
Hg — 24 us, 
yi 34 vp. 


Then, in the expressions for the galvanomagnetic effects there are three 
unknowns, N, i, and v» These can be obtained from the zero-field 


conductivity and the two Hall coefficients R(P)and R(S). The appropriate 
parameters are given in table 2. : 


5 ; : ; ; 3 
Table 2. Parameters used in caleulation of thermogalvanomagnetic 
coefficients for 6-3 Sb at 80°K 


Hi— 46x 104 em? y- sec-1 
H3 1:15 x 104 em? y-1 seç-1 
H3 21:6 x 104 em? y-1 see-1 
vı —4-07 x 104 em? y-1 sec-1 


¥3=1-10 x 104 em? y- sec-1 
Ne=2-46 x 10-? em-3 ¢ 
n= a=128 uy deg-t 

A =-0-57 


{See text with regard to assumptions for 


; : ener à aont 
in calculation of galvanomagnetic Gobhitionts £y dependence of relaxation time 


The above parameters h. 
electrical conductivity on 
of fig. 2 represent the res 


ave been used to calculat 
magnetic field from eqns. 
ults of these calculations 


e the dependence of the 
(6)and (7). The curves 
- There is particularly 
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good agreement for the S orientation though, especially at high fields, the 
agreement for the P orientation is not so good. It is considered that the 
model represents the data well enough to make an attempt to explain the 
thermomagnetic behaviour worth while. 


$ 5. THERMOMAGNETIC ErrECTS IN 6:3 Sb AT 80°K 
5.1. Seebeck Coefficient 


In« to calculate the dependence of the Seebeck coefficient onmagnetic 


field. v «ust know the partial Seebeck coefficients an and ap. Values for 
these ps. ;'neters have been found for pure Bi by Gallo et al. (1963) and are 
consistent vith the assumption that the density-of-states effective masses 


for electrons and holes are almost equal. Making the same assumption 
for 6:3 Sb it is found that at zero magnetic field : 

| —an=ap= 128 uv deg, H=0. 
(It should be noted that this implies that the band overlap is not signi- 
ficantly less for the alloy than for Bi.) 

These values cannot be inserted immediately in eqns. (11) and (12) since 
an and ap may depend on H. Again it is assumed that A= — 5; leading to: 
— o, = ap ~ 160 uv deg, H — co, 
in a high magnetic field. At intermediate field strengths the values of an 

and op have been found from the data of Tsidil’kovskii (1962). 

The calculated values of oj are represented by the curves Dof fig. 1. There 
is the same qualitative behaviour as for the experimental curves C but the 
detailed agreement is poor. 


5.2. Nernst Coefficient 
When the parameters of table 2 are inserted in eqns. (9)and (10), assuming 
that a is about 0-8 for the appropriate degree of degeneracy, the low-field 
Nernst coefficients are found to be: 
Q(P) = — 0:86 + 2-03 = 1-17 em? sec deg, 
Q(S) = —7:76 + 8:90 = 1-14 em? sect deg-!. 
| The calculated values of Q at low and high fields are compared with the 
measured values in table 1. 
The experimental Nernst coefficient is in all cases lower than the theore- 
| tical value but there is agreement on the behaviour of Q when changing from 
low to high field for the P orientation (no results at low fields being available 
| for the § orientation) and to some extent on the relative values for the P 
| and § orientations. It is worth mentioning that Weaver et al. (1962) 
reported a value of Q(S), for an alloy containing 595 Sb at 80°xK, equal to 
9:5em?sec-ldeg-! in a high magnetic field. This agrees well with our 
predicted figure, 11-1 em?sec-! deg. 
Our model leads to the rather interesting prediction that the Nernst 
coefficient with the primary flow along the trigonal axis and the magnetic 
field along the bisectrix should be — 5:3 em?sec-t deg-! at low fields and 
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43:4em?deg-'deg-! at high fields. A change of sign from dr 
positive for the Nernst coefficient with this Orientation ps d ie 
magnetic field has indeed been observed hy E J . Cuff anc uen T 
(private communication) and by M. E. Ertl (privat? communieation). 


$6. RESULTS ror 23 Sb AT 80°K 
1 j "oealaf. SHETOES ha 
Although it is obvious from the Hall and magnetoresistance efiects that 


the mobilities of the carriers are much less for 23 Sb than S Sb, the 
i d ET i ri 'e S ilar 
thermogalvanomagnetie properties of the two alloys are simila 


The Hall coefficient R(S) in 23 Sb is an order of magnitude gre: or than 
the Hall coefficient R(P). —a(P) rises and then falls very slo y wi n 
increasing magnetic field while —a(S) falls much more rapid e Tne 
Nernst coefficient Q(S) is about three to five times the Nernst co: Ziciest 


Q(P). All these features are like those for 6:3 Sb and it appears i at the 
addition of as much as 23% Sb to Bi does not lead to any profound 
change in the band structure. 


$7. RESULTS AT 300°x 


The data for both samples at 30°x are consistent with the assumption that 
the materials are intrinsic conductors. Tt would be expected, then, that 
the properties at a higher temperature, 300°x, should also be characteristic 
of intrinsic conduction. However, as pointed out in I, this is not so. The 
thermogalvanomagnetic effects at 3009 for 6-3 Sb and 238b can be inter- 
preted assuming that the alloys are extrinsic n-type conductors. 

It seems difficult to explain the transition from intrinsic to extrinsic 
conduction on raising the temperature, unless one assumes that there is a 
heavy-hole band with its energy maximum below that of the light hole 
band which seems to be predominant at S0?x. If it is supposed that the 
mobility of heavy holes is negligible compared with that of light holes it 
follows that only the latter can contribute to the conduction processes. 
Thus the excitation of holes into the heavy band between 80°xK and 300°« 
would lead to a preponderance of electrons over light holes and extrinsic 
n-type properties. 
It is likely that the same effect would occur for Bi as for Bi-Sb alloys and 
it is noteworthy that, while Jain and Koenig (1962) and Mase et al. (1962) 


discount the presence of heavy holes in Bi at 4 and 20*x respectively, Gallo 


et al. (1963) consider that heavy holes do have some influence above 80°x. 


§ 8. CONCLUSIONS 


has been shown to fit quite well the mor 
o 


Hall effect data at 80°x on the alloy containing 6-3% Sb. Tt has been 


necessary to scale down the mobilities but the ratios of th. iliti 
ary e mobilities along 
the principal axes of each band have been allowed t i i 
0 ret 7: 
wa eur ee etain the values given 
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This model of the band structure, with equal concentrations of electrons 
and holes, has given qualitative agreement with some of the unusual fea- 
tures of the thermomagnetic effects. In particular, the change of sign of the 
Seebeck coefficient when a transverse magnetic field is applied perpendi- 
cule: io the trigonal axis, the applied temperature gradient also being 
icular to the trigonal axis, is accounted for by the high mobilities 


perpe 


pa, anc. „whichimply avery strong magnetoresistance effect on the electrons. 
The lc nobility ua implies a much weaker magnetoresistance effect on the 
electro: ; vhen the magnetic field lies along the trigonal axis and, taking 
into acc: at the size of the hole mobilities, there is reasonable agreement 


with the a. ch smaller observed magneto-Seebeck effect for this orientation. 

The moa! accounts for the experimental increase in the Nernst coefficient 
Q with magnetic field and for the relative magnitude of Q in different 
orientations, though rather more data on the Nernst effect are desirable. 
An unexpected observation, which agrees well with the band model, is the 
change of sien of Q from negative to positive with increasing magnetic 
field, when the temperature gradient lies along the trigonal axis. 

It therefore seems highly probable that the electron and hole bands have 
the same energy minima for the 6-3 Sb alloy as for pure Bi and that the shape 
of the equal-energy surfaces does not change much on alloying, although 
detailed agreement with the experimental results requires a more refined 
model than that assumed here. Since similar effects have been observed 
for the alloy containing 23% Sb it appears that the replacement of nearly 
one-quarter of the Bi atoms by Sb atoms does not have any marked effect 
on the band structure though the mobilities must be appreciably reduced 
in this case. 

The experiments on the thermomagnetic effects do notadd to the evidence 
for a positive energy gap in certain of the alloys; in fact there may still be 
overlap of the electron and hole bands at this composition. 

The measurements at 300°x do not seem consistent with the assumption 
that there are equal numbers of light holes and electrons at this temperature. 
The most reasonable explanation of the results seems to be that there is a 
heavy-hole band with its extremum at such an energy that its influence is 


felt at 300?x but not at 80°K. 
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ABSTRACT 


Thin fragments of calcium fluoride and strontium fluoride crystals have been 
prepared which are suitable for examination by transmission electron 
microscopy. After a short irradiation by the electron beam, Moiré patterns 
appear and these have been attributed to the partial decomposition of the 
fluorides, resulting in the formation of metallic calcium or strontium in a 
parallel orientation to the undecomposed fluorides. After further irradiation 
the patterns become diffuse and eventually disappear. 


$1. INTRODUCTION 


Many non-metallic crystals decompose during irradiation in the electron 
microscope (see, for instance, Sawkill 1955, Bowden and Montagu-Pollock 
1961, Montagu-Pollock 1962, Forty 1960, 1961 and Tubbs and Forty 1962). 
In the work reported here thin fragments of calcium fluoride have been 
examined by electron microscopy and decomposition of the crystals has 
been detected in a particularly interesting way. During irradiation a 
pattern of lines appears which can be considered as a Moiré pattern resulting 
from the formation of metallic caleium in a parallel orientation to the 
unchanged calcium fluoride. After further irradiation the lines become 
diffuse and eventually disappear. Strontium fluoride has been examined 
in the same way ; a pattern of lines also appears with this substance and the 
line spacing is consistent with the presence of oriented metallic strontium 
as well as the undecomposed strontium fluoride. 


§ 2. SPECIMEN PREPARATION 


Calcium fluoride occurs geologically and in one set of experiments a 
particular type, termed Blue-john, was used. Analysis showed that the 
crystal contained aluminium and beryllium as the main impurities (200 
parts per million of aluminium and 100 parts per million. of beryllium). 
The crystal was cut into sections approximately j mm in thickness parallel 
to a cube face and these sections were thinned by floating them on concen- 
trated hydrochloric acid until only small fragments remained. These 
fragments had (100) surfaces and were found to be sufficiently thin for 
examination by transmission electron microscopy. A second type of 
specimen was produced by cleaving thin sections with a razor blade along 
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Areas could be found near the edges of 


the octahedral cleavage planes. 
The surfaces of 


the specimens which were thin enough for examination. 
these specimens were (111). 

A second set of experiments was done with transparent colourless 
calcium fluoride as it was not known what effect the impurities in the 
Blue-john would have on the observations. Specimens with (100) and 
(111) surfaces were prepared in the same way as with the Blue-john. No 
difference in behaviour was detected between the two types of erystal in 
the electron microscope and the effects of the impurities were evidently 
not important with this type of experiment. The specimens were placed 
directly on a microscope grid without a supporting film and examined in the 
EM. 6 electron microscope operating at 100 kv. 

Suitably thin fragments of strontium fluoride with (111) surfaces were 
also prepared by cleavage and examined in the electron microscope under the 
same conditions as for the calcium fluoride. 


$3. RESULTS 
3.1. Calcium Fluoride 
3.1.1. (100) surface 
The fragments with (100) surfaces were examined initially, and sharp 
continuous extinction contours indicated that the crystals were very good 


eS 


Pattern of lines formed after two minutes’ examination of a calcium fluoride 
specimen with a (100) surface. The lines are in [010] and [001] directions. 
Magnification = 175 000. 
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structurally. After two or three minutes’ examination with a beam 

i current of 250 microamps however the appearance of the specimen changed. 
It became covered with two sets of parallel lines in [010] and [001] directions 
with a line spacing between 140 and 1454. The appearance of the speci- 
men at this stage is shown in fig. 1. The lines persisted for two or three 
minutes and then gradually became diffuse and disappeared altogether. | 
The extinction contours were no longer continuous and this indicated 
that extensive structural damage had occurred within the crystal. During | 
the experiment the diffraction pattern remained apparently unchanged 
with no satellite reflections being resolved around the main reflections. 

As à precaution against the possibility that damage was being produced 
by negative ion bombardment (Pashley and Presland 1961) an amorphous 
carbon film, 300 & in thickness, was placed across the condenser aperture 
| in an attempt to intercept the negative ions. This procedure reduced the 
beam intensity but the lines again appeared after five minutes' exposure 
to the electron beam. 


3.1.2. (111) surface | 

A pattern of lines appeared in the image also for the cleavage fragments | 
having (111) surfaces, after these had been exposed to the electron beam | 
for a few minutes. However, the pattern had a different symmetry and | 
consisted of two sets of parallel lines along (112) directions. ‘The spacing 


tern formed with (111) calcium fluoride specimen after two minutes’ irradia- 
puse The lines are in (112) directions. Magnification=240 000. 
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Fig. 3 


Dark-field micrograph using the (220) reflection showing the presence of the 
pattern with a calcium fluoride specimen with (111) surface. Magni- 
fication = 180 000. 


Appearance of a calcium fluoride specimen after the pattern has become 
diffuse and then disappeared. Magnification = 180 000. 
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between the lines was between 110 and 125 and fig. 2 shows a pattern of 
such lines. Again the diffraction pattern appeared to be unchanged 

c š Onas 
When dark-field micrographs were taken using the (220) reflection the lines 
were visible with the same spacing. A dark-field micrograph is shown in 
fig. 3. After five minutes’ exposure to the beam the lines again became 
diffuse and disappeared. The appearance of the specimen was then as 
shown in fig. 4. 


3.2. Strontium Fluoride 


A pattern of lines appeared within one minute of the start of the examina- 
tion of the thin fragments of strontium fluoride with (111) surfaces. The 
lines were in (112) directions with a line spacing of approximately 43 A. 
After a further irradiation of one minute the lines disappeared in a similar 
manner to that found with the calcium fluoride. 


$4. Discussion 


Tt is of interest to understand the mechanism by which the observed 
lines are formed as the result of the irradiation of both calcium fluoride and 
strontium fluoride in the electron microscope. The unit cell of calcium 
fluoride consists of caleium ions at each corner of a cube and at the centre 
of each face, with a fluorine ion at every (111) and ($23) position. The 
unit cell spacing d, is 5:463 À. It is most likely that the lines form a Moiré 
pattern as a result of double diffraction through two lattices in a parallel 
orientation and of slightly different lattice parameter (Bassett et al. 
1958). The most probable substance present other than calcium fluoride 
after irradiation is calcium. Calcium has a face centred cubic structure 
with a unit cell dimension a, of 5:565 &. In fact, in terms of position only, 
a calcium structure can be formed by removing the fluorine ions from the 
calcium fluoride structure and expanding the resultant lattice by 2%. 
Bassett ef al. (1958) give a formula, d;d;/d; — ds. for the line spacing of 
Moiré patterns for two lattices in a parallel orientation and of different 
lattice parameter (d, and d, are the interplanar spacings of the relevant 
diffracting planes for the two lattices). Tf a Moiré pattern is formed with 
oriented metallic calcium and calcium fluoride, calculation, using the 
(220) reflections, gives a line spacing of 1054 which compares favourably 
with the observed spacing of 110 to 1254 for specimens with (111) surfaces. 
Also for the crystals having (100) surfaces, consideration of the (200) 
reflections which appear strongly in the diffraction pattern gives a calculated 
line spacing of 1494 which again compares favourably with the observed 
140 to 145 spacing. 

The same types of explanation can be given for the patterns observed 
with strontium fluoride. This substance has a calcium fluoride structure 
with a unit cell spacing a) of 5:7996 À. Strontium, like calcium, has a 
face-centred cubic structure but with a unit cell dimension dp of 6:08 4. 
If a Moiré pattern is formed by double diffraction through oriented metallic 
strontium and strontium fluoride, consideration of the (220) reflections 
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gives à calculated line spacing of 454. The observed line spacing is 
approximately 43 A. : à um 

The observation of the appearance of patterns of lines during examination 
in the electron microscope of both calcium fluoride and strontium fluoride 
can thus be explained by the partial decomposition of the fluorides resulting 
in the formation of the metal in a parallel orientation to the fluoride crystal. 
This is probably due to the fact that the metal ions are in favourable posi- 
tions in these fluoride structures to form an oriented metallic crystal during 
decomposition. In contrast, barium fluoride during decomposition in the 
electron microscope has not given line patterns, presumably because, 
although barium fluoride has a calcium fluoride structure, barium itself 
has a body-centred cubic structure. Thus barium fluoride would not be 
expected to give the same contrast effects during decomposition as are 
found with calcium fluoride and strontium fluoride. 

The reason why the line patterns observed with calcium fluoride and 
strontium fluoride disappear after prolonged exposure is still problematical 
but it could be either that all the fluoride is decomposed to the metal or 
that after a certain proportion of the fluoride has decomposed to the metal 
growth in a parallel orientation no longer occurs. 
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ABSTRACT 


A tentative phase diagram is given for the aluminium-rich end of the 
Re-Al system ; it is based on both the present and previous investigations. 
A new phase ReAl, is reported ; a relationship between its triclinic structure 
and the monoclinic structure of MoAl, is suggested. The probable similarity 
between the aluminium-rich sides of the phase diagrams of the Re-Al and 
Te-Al systems is also indicated. 


$1. INTRODUCTION 


THE phase diagram of the Re—Al system was given by Savitskii el al. (1961) 
for the first time. These authors report the existence of the following 
intermetallic compounds: a y-phase at about 90 wt. % (57 at. %) Re with 
the a—Mn structure; a phase Re, Al, with a composition range 83-87 wt. w 
(45-50at. %) Re; ReAl, at 77-5wt.% (33-3at. %) Re; and ReAl, at 
36-7 wt. % (7-7 at. %) Re, isostructural with WAL». 

Kripyakevich and Kuz'ma (1962) confirm the existence of these phases, 
but detect the y-phase at 92-67 wt. % (63:5 at. 9/) Re and suggest for this 
intermetallie compound a composition close to Re,,Al;. According to 
them, “the phase composition of alloys annealed for 17 days at 800°C 
differed from those of the alloys annealed at 600°c by the absence of the 
compound ReAl,, and the presence of at least three compounds in the 
region 74-8-93-5 at. % Al (30-0-63-0 wt. % AI) im 

A new phase ReAl,, isostructural with MnA\l,, has already been reported 
(da Veiga 1962). 


$2. EXPERIMENTAL TECHNIQUES 
99:99% pure rhenium powder and lumps of super-pure aluminium were 
used to prepare the alloys. Ingots of composition 5-15 wt. % Re were 
obtained in an induction furnace under 10-?mm Hg pressure. All ingots 
were kept at about 1000*c for a few minutes to allow homogenization, 
after which they were annealed at temperatures between 600°e and 800°C 


+ On leave of absence from Centre of Studies of Nuclear Physics, P hysies 
Laboratory of the University of Coimbra, Portugal. 
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1342 
for one to two hours and quenched. ‘The crystals were extracted from the 
aluminium matrix, using a 3% HCI solution. Special care was taken in the 
extraction of the crystals of ReAl, to obtain them free from the aluminium 
matrix, in order to avoid errors in the determination of the density and in 
the chemical analysis. After the crystals had been examined under the 
microscope, the density was determined by the displacement method using 


bromoform, and the chemical analysis was carried out by Johnson, Matthey 
and Co. Ltd. 


$3. THe PHASE DIAGRAM or THE Re-Al SYSTEM 


Although no exact temperatures can be given, it can be stated that 
ingots annealed at temperatures in the lower part of the range 600-800°c 


Fig. 1 
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The aluminium-rhenium phase diagram : (a) as proposed by Savitskii et al.; 
(b) showing the aluminium-rich side with the two new phases inserted. 


contained crystals of ReAl;,, in the higher part ReAl,, and ReAl, for inter- 
mediate temperatures. Well-shaped crystals of all three phases were 
obtained ; this fact is particularly important in the case of ReAl,», where the 
crystals are well-shaped rhombic dodecahedra], as it suggests that this 


T A correction should be made to the paper on the Al-Tc system by da Vi eiga 
and Walford (1963): the crystals of TcAl,, are well- shaped. rhombic dodeca- 


hedra, not icosahedra (line 7). 
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phase is in equilibrium with the liquid, since the annealing was carried out at 
low temperature and for a short time. This is not in agreement with the 
phase diagram proposed by Savitskii et al., according to whom ReAl, is 
formed in a solid-state reaction ; their phase diagram is shown in fig. 1 (a). 
The diffieulty experienced in obtaining ReAl, and also ReAl,, suggests 
that the regions liq. + ReAl, and liq. + ReAl;, are narrow with respect to 
temperature; ReAl, was also obtained from an alloy quenched from about 
1000?c. It seems probable that the horizontal lines at about 600*c and 
690°c determined by those authors correspond to boundaries between the 
new phases. That at 600°cis likely to be the boundary between « -+ ReAl;, 
and liq. + ReAl; if so, a eutectic must occur at the extreme aluminium- 
rich end of the phase diagram. A tentative phase diagram for the alumi- 
nium-rich end of the Re-AI system is shown in fig. 1 (b); the temperatures 
corresponding to the horizontal lines are very approximate. 


$4. Tug Prase ReAl, 

Crystals of ReAl, were extracted from the alloy quenched from 1000?c. 
The density was found to be 6:4 + 0-1 and the chemical analysis of 300 mg 
of crystals showed that 37-82 wt. % was aluminium, i.e. ReAI, ,,, which is 
probably not significantly different from ReAl, (36-7 wt. 9 Al) as it is 
likely that the crystals were not completely free from the aluminium of the 
matrix. 

One of the crystals gave cell dimensions: 

a= 91,4 a= 99-5° 
b=138 A B= 94° 
qz Bel y = 103-5° 

The estimated accuracy is 1% for the cell sizes and 2% for the angles. 
The volume of the unit cell is 633 + 20 83, which with the measured density 
gives for the mass of the unit cell contents 2440 + 100 A.M.U. The mass of 
one ReAl, unit is 294 A.M.U. so that there are within the limits of accuracy 
eight ReAl, units in the unit cell. 

When some similarity can be traced between systems, phases with the 
same composition have often the same or related structures. This is the 
case in the W-Al, Mo-Al, Mn-Al, Tc-Al and Re-Al systems. WA\I,, 
MoAI, and TcAl, have all the same monoclinic structure; MnAl, has a 
hexagonal structure and ReAl, a triclinic one. The occurrence of axes 
about 5-2 À long in both MoAl, and ReAl, suggested the comparison of the 
zero-layer Weissenberg photographs for rotation about these axes; it was 
observed that many of the stronger reflections coincided in the two photo- 
graphs; this shows that there is a similarity between the [001] projection 
of the two structures. 

The structure of WAI, was determined with moderate accuracy by Bland 
and Clark (1958) who pointed out the existence of eight well-defined layers 
parallel to the (010) face of the crystal. The structure of MoAl, has been 
refined by Leake (1963, private communication) who has noticed the 
Occurrence of nearly planar nets of atoms parallel to the c-axis, the indices of 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


1244 L. M. d'Alte da Veiga on the 


these planes being (080), as pointed out by Bland and Clark, and also (240) 
and (240) which is related to (240) by the symmetry plane. These planes 
give rise to the very strong reflections 080 and 240 which match, in ReAl,, 
the equally very strong reflections 350 and 410 respectively. The unit cells 
for the [001] projections of both structures are shown in fig. 2 (a). The 
area of the [001] projection of the unit cell of ReAl, is 8/6 that of MoAl, ; 
as the c-axes have approximately the same lengths and there are six MoAl, 
units per unit cell, there must be eight units in the unit cell of ReAl, a 
result which agrees with that obtained above. 

All crystals of ReAl, are twinned and consist of two individuals. The 


twin plane, like the planes above, is parallel to the c-axis and (100): (100) 
is 30°. Figure 2(b) illustrates the twinning and shows the dimensions 


Fig. 2 


a sinn 


a) b) 


(a) The [001] projections of four MoA!, unit cells showing the unit corresponding 
to ReAl,. (b) The twinning in ReAl,: the dimensions of the [001] 
projection of the ReAl, unit cell are indicated; numbers in brackets are 
the values calculated from the MoAI, cell dimensions. 


determined for ReAl, and, within brackets, the corresponding ones calcula- 
ted from the dimensions determined for MoAl, If the (240) planes had 
also been illustrated for MoAI, in fig. 2 (a), there would be an alternative 
way of outlining the [001] projection of the unit cell of ReAl,; it can be 
seen in fig. 2 (b) that this would correspond to the other individual of the 
twin. 

In MoAl, the angles between planes (080), (240), (240) are all close to 
60°, which suggests that it is possible that the hexagonal structure of 
MnAl,, not yet determined, is also related to the structure of MoAl,. Mn, 
Te and Re belong to the same group in the periodic table; considering the 
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structures of MnAl,, TcAl, and ReAI, it appears that there is a distortion 
| from a hexagonal structure to a monoclinic and a triclinic as one goes from 
Mn to Te to Re. 


A complete determination of the structure of ReAl, will be attempted. 


$5. Tur ALUMINIUM-RICH END or THE PHASE DIAGRAM or THE Te-Al 
SYSTEM 

Thephases TcAl;,, TcAls, TcAI, and Te, Al have been reported by da Veiga j 
(1962) and da Veiga and Walford (1963) ; the phases TcAl, and Te,Al, were | 
* first obtained by Walford. The author of the present paper has done some i 
work onthephases TcAl,,, TeAl, and TcAl, ; they were obtained in the same | 
way, at the same annealing temperatures, and the same difficulties were | 
experienced as in obtaining the corresponding phases in the Re-Al system. 
? It appears then that the phase diagrams of the two systems are very similar 
at the aluminium-rich end up to TeAI,. | 
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CORRESPONDENCE 


Ultrasonic Vibration and the Growth of Crystals 


By G. BRADFIELD 
National Physical Laboratory, Teddington, Middlesex 


[Received 1 April 1963] 


Tur growing of zine crystals in the presence of ultrasonic vibrations 
(Langenecker and Frandsen 1962) would be of great importance if the 
process genuinely reduced the dislocation density. It must not, however, 
be assumed that the conditions of the experiment represent the behaviour 
of an unloaded crystal. In fact the end of the longitudinally vibrating 
crystal moves a mass of liquid in contact with it (Morse 1948) and this end 
experiences the necessary force to accelerate that mass at about 80 000 g. 
The resulting stress, if * static ’, would certainly be sufficient to deform the 
zine crystal plastically. Since the velocity of slip (Mason ef al. 1948, 
Mason 1950, Koehler 1955) is likely to be more than 15 000 cm/sec, the time 
taken to travel across the 1 mm crystal would be less than 6 microseconds 
which is only a small fraction of a half-period (20 microseconds) of the 
25 ke/s oscillation. Thus there is plenty of time for slip to take place 
just as with ‘static’ stresses in excess of the critical shear stress across the 
basal plane. 4 

It is likely, therefore, that the ultrasonic vibrations generate dislocations 
faster than they are dissipated and that it is the high density and not the 
low density of dislocations or other lattice defects which must be responsible 
for the increase in the resistance of the irradiated crystal to slip when cold 
which was found by these authors. : 

Which of these explanations is correct can readily be determined by 
comparing the strengths of the irradiated specimens before and after 


annealing. RE 
A process which seems more likely to remove the lattice defects from a 


growing crystal would be to use ultrasonic vibrations at a level bolo the 
critical stress by growing directly on the basal plane of, e.g., a zine cr usta ; 
If this were located at the end of and co-axial with a velocity transformer 
driven from a powerful torsional transducer either of the piezoelectric or of 
the piezomagnetic type (Bradfield 1962) the defects might migrate to ge 
centre or to the rim of the crystal so as to leave a relatively defect-free 


zone which could be recovered by etching. 
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On the Difference between the Amplification of Longitudinal 
Plasma Waves and the Negative Absorption of Cerenkov 
Radiation in an Electron Stream 


By R. Q. Twiss 
Oxford and Cambridge Club, 71 Pall Mall, London, S.W.1 


[Received 14 May 1963] 


Ir is well known that a charged particle moving through a medium will 
radiate electromagnetie energy at frequencies at which the velocity of 
propagation of an electromagnetic wave in the medium is less than the 
velocity of the particle. 

In a recent paper (Ginzberg ef al. 1962) the same conclusion has been 
arrived at as that reached by the present writer (Twiss 1958) in an earlier 
publication. This is that negative absorption, or amplification, of this 
Cerenkov radiation can occur when one has a uni-dimensional electron 
stream moving through a medium provided that the velocity distribution 
of the electrons has a peak at a velocity above the critical velocity at which 
Cerenkov radiation can occur. Both sets of authors have also noted that 
this criterion for negative absorption of Cerenkov radiation is quite similar 
to the criterion for the amplification of space-charge longitudinal plasma 
wavesinanelectronstream.  Inthislatter case itisknown that a necessary, 
albeit not sufficient, condition for amplification is that the electron velocity 
distribution be double-humped. If we assume that we have an electron 
stream moving through a background plasma at rest, then this criterion 
says that amplification may occur when the velocity distribution of the 
electron stream has a peak at a velocity greater than the thermal velocities 
of the electrons in the background plasma. : 

However, the present writer noted in passing that there were important 
differences between the two types of amplification. This remark appears 
to have been misunderstood by Ginzberg ef al., since they interpret it to 
imply a belief in “ the existence of two principally distinct types of building 
up plasma waves in charged particle beams, one obtained by classical 
considerations using the kinetic equation and the other following from 
quantum considerations on the basis of Einstein's coefficient scheme f 
They therefore state that “Twiss assertion is untrue” since "the classical 
and quantum approaches to the problem of amplification and instability 
are two different treatments of the same phenomenon ". ne 

This last statement is quite unexceptionable but it also is quite irrelevant 
since nobody was trying to claim that the classical and quantum treatments 
led to distinct types of the build-up of plasma waves. What was claimed 
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was that the amplification of longitudinal space-charge plasma waves and 
the negative absorption of Cerenkov radiation are quite distinct phenomena 
with quite different physical characteristics. These differences seem to 
have escaped the notice of Ginzberg et al., and since they are of real impor- 
tance in understanding the two phenomena a short discussion of their 
nature may be in order. 

To begin with, let us consider the amplification of longitudinal plasma 
waves in a uni-dimensional electron stream. If the electron velocity 
distribution be such that amplification is possible then a small initial 
disturbance in either the density or the velocity distribution will build up 
exponentially towards a limiting value set by the non-linear properties of 
thestream. In this amplified space-charge wave the electrons in the stream 
act cooperatively so that the effect depends upon the total charge density 
per unit volume and not upon the magnitude of the charge upon an electron. 
Indeed in the normal classical theory of the phenomenon one treats the 
electron stream as a charged fluid and supposes that the mass and charge 
density are smoothly distributed. 

To put this more specifically we can observe that the electronic charge 
only appears explicitly in the mathematics as a factor in the angular 
plasma frequency defined in m.k.s. units by the equation 


ep M 
wp = TC 2 
Eom 


where p is the charge density. 

The ratio e[m is equal to the ratio of the charge and mass density per 
unit volume and if both these quantities are taken as fixed, then things are 
quite unaltered in the limiting case e—- 0 characteristic of the charged fluid 
approximation. 

Things are very different, however, in the case of Cerenkov radiation 
where the spontaneous emission from a current density J is proportional to : 


€J(1—1/B?n?) for Bn 1, 


an expression which does not involve the electronic mass. In this case, 
when e—>0 corresponding to the charged fluid approximation of the 
space-charge wave theory, then spontaneous emission and, therefore, the 
stimulated emission and absorption per unit volume all tend to zero. 

The reason, of course, is that this negative absorption of Cerenkov 
radiation does not involve any cooperation between different electrons in 
this stream so there is no electron bunehing involved. In that sense the 
phenomenon is an incoherent one, even though amplification is taking 
place, which makes the maser type interaetion completely different from 
any conventional amplifier involving electron streams. 

The other main difference between space-charge amplification and 
negative Cerenkoy absorption is that the former concerns space-charge 
waves which do not couple to the radiation field at all as long as the 
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macroscopic properties of the medium do not vary rapidly over the 
space. In the Cerenkov case, however, we are dealing throughout with 
a radiation field. 

Other physical differences between these two types of amplified waves 
could be noted but we have said enough to show that they are indeed quite 
distinct phenomena whether snalyeed: classically or quantum mechanically, | 
which disposes of the objection urged by Ginzberg ef al. to the present i 
writer’s earlier argument. 


| 
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REVIEWS OF BOOKS 


The Structure of Field Space. By D. G. B. EpEtEN. (University of California 
Press, 1962). [Pp. xili+239.] Price $10-50. 

Despire the disapproval of most physicists, unified field theory continues to be 
studied by the devoted few. One of these is Dr. D. G. B. Edelen who is a staff 
mathematician at the Rand Corporation. His book gives a rigorous description 
of the formalism underlying a class of unified field theories. This class is 
somewhat restricted because the author refuses to permit his spaces to have 
torsion (for what seem to be inadequate reasons). In particular this restriction 
rules out from consideration the Einstein-Schrédinger theory, which, for all 
its defects, is important as being the last attempt by two great physicists to 
establish a comprehensive classical theory. The book will make few converts, 
but addicts should find it interesting. D. W. Scrama 


Representations of Groups. By HERMANN BoERNER. (North-Holland Publi- 
shing Company, 1963.) [Pp.325.] Price £4 Os. Od. 

THIS is a translation of the original German edition (1955), with some minor 
bringing up to date. Its purpose is aptly described by the sub-title “ With 
Special Consideration for the Needs of Modern Physics”. While not covering 
any physical applications, it sets out the representation theory of the kind of 
groups sometimes needed in advanced quantum mechanics. These include the 
symmetric and alternating groups, the full linear, unimodular and unitary groups. 
Two chapters are devoted to the rotation group of order n, and one to the 
Lorentz group. V. HEINE 


Quantum Statistical Mechanics. By L. P. Kapanorr and G. Baym. Series : 
Frontiers in Physies. (New York: W. A. Benjamin, Inc., 1962.) [Pp. 203.] 
Price $4-95 (paper), $6.95 (cloth). 

Tus book describes how Green's functions are used in quantum statistical 
mechanics. Green’s functions are defined by the response of a system to an 
external perturbation, and therefore, in principle, contain complete information 
about the equation of state, as well as giving much important information about 
transport properties of the system. The first part of the book contains an 
account of the properties of Green’s functions for a system in equilibrium, and 
a discussion of various approximations for them. In this part of the book the 
perturbations considered are functions of an imaginary time variable, but in the 
second part of the book the response of a system to a real external perturbation 
is considered, so that transport properties can be derived. The relation between 
the two methods is carefully explained. ‘This part of the book is original, and. 
leads, by way of a generalized Boltzmann equation, to a discussion of sound 
propagation. Finally there are discussions of the normal Fermi liquid, the 
shielded Coulomb potential, Brueckner theory and supereonductivity. 

The authors have taken great care to explain their often complicated mathe- 
matical manipulations in simple physical terms. ‘Reference is frequently made 
to the Boltzmann equation and to familiar conservation laws. The discussion of 
Fermi liquid theory is particularly good, and this method leads to Landau's 
intuitively derived results in a natural manner. The weakest part of the book is 
the final chapter ; the authors are incorrect in identifying their * T approxi- 
mation with any that Brueckner has used, and the discussion of superconduct- 
ivity is too brief to be useful. It is good to see a book on this subject in which 
the physics stands out above the formalism, and it is now possible that: these 
methods may become useful to physicists who do not specialize in this field. 

D. J. THOULESS 
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Quantum Mechanics, for Mathematicians and Physicists. By E. IKENBERRY. 

(Oxford : University Press, 1962.) [Pp.269.] Price £3 4s. Od. 

Tuas is an introduction to quantum mechanics but it covers a wider range of 
topics than is normally met in an introductory text. Very little previous 
knowledge of atomic physics is assumed beyond the descriptive knowledge that 
is acquired by most scientists either at high school or in a general physics course 
at college. The mathematical background required is more advanced, but it 
would be well within the range of a mathematics major and should not be too 
difficult for a physics major. The most advanced requirement is that the 
reader should be willing to meet linear operators in an elementary context 
although this could be avoided by judicial omission of certain chapters. 

After some introductory chapters on the historical evidence for quantum 
theory, the author bases his main presentation on the Schrödinger equation. 
It is however broken up by chapters on the operator formalism of quantum 
mechanies ; these may be attractive to the mathematical reader but they are 
not essential to the Schródinger development. It would have been more satis- 
factory to have all the operator formalism brought together in the last part of the 
book. There is one astonishing omission in choice of material—nothing is 
included on the quantum theory of scattering, and even the erucial scattering 
experiments by Rutherford are dismissed in a few lines. The omission of the 
quantum theory of scattering is a major fault and is all the more surprising in 
view of the wide coverage of other topics ranging as far as the Dirac equations 
for the hydrogen atom. 

Professor Ikenberry has based this book on lectures to first-year graduate 
students in mathematics or physics. He rightly argues that a basic course 
in quantum mechanics should be available for mathematics and physics majors 
alike, It is unfortunate that in Britain the belief still persists amongst physics 
lecturers that undergraduates reading physics are either too delicate or too 
uncouth to meet anything but the crudest mathematics. The reviewer agrees with 
Professor Ikenberry’s view that physics honours students should have a basic 
quantum mechanics course of the kind that he has presented. 

This book is a useful addition to the literature as an introduction to quantum 
mechanies. It would be insufficiently comprehensive for a graduate course on 
quantum mechanics. It is suitable for use at undergraduate level in the final 

year of a physics or mathematics course. R. J. EDEN 


Nonlinear Problems. Edited by Rupotpa E. LANGER. (University of 

Wisconsin Press, 1963.) [Pp. xiii+321.] Price $7.50. 

Tuts is the published record of the Symposium on non-linear differential 
equations held at Madison in April-May 1962. It contains the full text of the 
fifteen invited contributions and abstracts of the other twenty-six talks given ; 
these are about equally divided between ordinary and partial differential 
equations. Most of the papers are valuable and some of them will no doubt 
not be published again elsewhere ; moreover, as here presented they have been 
written so as to be intelligible—and this may not survive rewriting. 

Much the most interesting paper is that of Moser, in which he sketches his 
method of proving the stability over infinite time of certain conservative 
dynamical systems, Previously the only way of proving stability was the 
trivial one of exhibiting explicit integrals ; one could give formal power series 
solutions (in the relevant small parameter), but it seemed incredible that they 
converged. Moser has shown that these series converge for certain initial 
values, and in this way he can obtain bounding surfaces which the trajectories 
cannot cross. This is a major break-through. H. P. SwiNNERTON-DYER 
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Introduction to Hilbert Space. By SrERLING K. Bersertan. (New York: 
Oxford University Press, 1961.) [Pp. xii--206.] Price £2 125. Od. 

Tuts is an excellent account of the most elementary facts about Hilbert space ; 
it deals extremely fully with the basic results concerning the structure of Hilbert 
space and the properties of linear operators. Spectral theory is carried only as 
far as the spectral theorem for normal completely continuous operators. There 
are numerous exercises, which fall into two classes; exercises in the strict 
sense, which an industrious reader might well attempt and benefit from ; 
and advanced results, which few readers could be expected to do anything 
about, and which are really pointers to what can be found in the deeper layers 
of the subject. The book is well constructed and readably written ; it contains 
many details not usually found in accounts of the subject ; and it will be found 
particularly useful by those who would like to have a more leisurely account 
than is given by most of the books in this field. F. SMITHIES 


Eddington’s Statistical Theory. By C. W. Kinmister and B. O. J. Turrer. 
Oxford Mathematical Monographs. (Oxford: University Press, 1962.) 
[Pp. iv+115.] Price 21s. 

Tris book should be of great interest to students of the basis and structure of 

physics. It examines and clarifies the simpler part of Eddington's Fundamental 

Theory, dealing with the relations of object-particles to the statistical environ- 

ment and some calculations of physical constants. Some of the work here makes 

use of Slater’s commentary, The Development and Meaning of Eddingtom's 

Fundamental Theory. But the basis of the examination is Bastin and Kilmister's 

concept of hierarchies of theory-languages, namely of ' nested" sequences of 

physical theories (with their relevant basic experiments) with corresponding 
algebraic structures. The authors are almost certainly right in sensing that 

Eddington was groping towards a basis of this kind ; he himself felt that his 

work required reformulating by a ' qualified algebraist’. The present small 

book is a bold and useful step in this direction. N. B. SLATER 


Tonic Solution Theory. By HARorp L. FRrEDMAN. Monographs in Statistical 
Physics and Thermodynamics, Vol. 3. (Interscience Publishers, 1962.) 
[Pp. vii4-265.] Price £5 2s. 0d. 

Tuts volume in the * Monographs in Statistical Physics ' Series is a well-written 

book which deals in great detail with various cluster expansion methods, 

partly applied to non-ionic systems and partly applied. to ionic solutions and 
otherionicsystems. The author has taken great care in making clear the various 
steps to be taken, although I feel that sometimes when defining such terms as 
irreducible clusters it might have been helpful to include a few examples of 
reducible ones. = 
The level of the book is very high and will, presumably mean that it will 
only be read by experts in the field, which partially explains its excessive price. 

Unfortunately the proof-reading does not seem to have been very careful as I 

found a number of, admittedly trivial, misprints. 

The volume reviewed here is a useful addition to this series and the present 
reviewer hopes that it will receive the acclaim which itdeserves. D. rer HAAR 


Luminescence in Crystals. By D. Cur. Translated by G. F. J. GARLIOK. 
(Methuen & Co. Ltd., 1963.) [Pp. 332.] Price £2 10s. 0d. p 
Professor Curie's book, based on a series of lectures given in the University 
of Paris, was written in the days before coherence came to luminescence. He 
does not, therefore, provide a ticket for the bandwagon but he does present an 
ordered account of what could easily have appeared as an incoherent mass of 

work on luminescence in crystals. : 
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The book starts with a clear and concise account of the theory of dipole and 
quadrupole absorption and emission, including a discussion of the oes 
magnetic theory of such transitions, which allow the anisotropies to be deduced, 
and of the quantum mechanics which shows how the intensities could be caleu- 
lated. As the first example a large part of the next chapter deals with KCl(TI), 
leading on to a discussion of the configurational coordinate diagram. Both 
semi-classical and quantum mechanical calculations of the form of these diagrams 
(breadths of spectra) are outlined. The F-centre is considered with some other 
examples in Chapter IV. In the first part of Chapter V the author discusses 
emission via conducting states and specifically deals with recombination 
radiation from germanium. The remainder of the chapter contains a brief 
account of the phonon structure on so called edge emission (Ewles-Kroger) and a 
summary of the work on ' localized ' excitons. No reference is made to excitons 
ingermanium. After a chapter dealing with the work on sulphides there follow 
two chapters dealing with trapping and the various methods of determining trap 
distributions. This has been a favourite occupation in luminescence for about 
20 years and it cannot be said that any spectacular advance has been made in 
our understanding of the nature of the many traps required in the various 
systems studied. In Chapter 7, Professor Curie discusses the means of energy 
transfer through crystals—resonance, conduction between centres and exciton. 
This is a brief chapter about mechanisms which in practice are not well under- 
stood. Both types of electroluminescence are discussed—the clectric field 
ionization with subsequent electron impact ionization, and carrier injection 
luminescence. It is interesting how odd phenomena in physics gradually fall 
into place : in silicon carbide the Lossew Glow was before one's eyes waiting 
to provide the evidence for minority carrier injection in pre-transistor days. 
Finally Professor Curie collects together some loose ends—eathode lumi- 
nescence, scintillators in general and a section on radiation damage in insulators. 
The book is very readable—a tribute to Professor Garlick's translation— 
and contains a clearly set out and readily usable list of references. In my view 
the book can be recommended to anyone interested in the subject of lumi- 
nescence. After all this has been said, however, there does seem to be something 
missing. It seems to me that Professor Curie would perform a valuable service 
if in his next edition he included a chapter on an assessment of the state of the 
subject and of the directions of development. In this sense I would consider 
that topics such as: symmetry of centres by polarization of emission ; the 
relevance of electron spin resonance in the ground and excited states ; the 
phonon interactions with localized electrons ; and the attempts at calculation of 
the wave function are not sufficiently covered. But I should not like to suggest 
what should he left out—except perhaps the last chapter. 
Let ime reaffirm that anyone interested in luminescence, even if not actively 
engaged in luminescence, will find this a valuable book. E. W. J. MITCHELL 


[Lhe Editors do not hold themselves responsible for the views 
expressed by their correspondents. | 
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Impurity Precipitates in Magnesium Oxide 


By D. H. Bowen and F. J. P. CLARKE 
Metallurgy Division, A.E.R.E., Harwell, Berks. 


[Received 28 December 1962, and in final form 1 May 1963] 


ABSTRACT 


Etching techniques combined with optical and electron microscopy, have 
been used to study impurity precipitates in magnesium oxide. The effects on 
precipitate density and distribution of various heat treatments and of the 
initial state of the crystal are described and their implications discussed. 


$1. INTRODUCTION 
VENABLES (1961) showed that impurity precipitates in magnesium oxide 
could be detected in the electron microscope and the work of Stokes 
(1962) suggested that the impurity distribution was changed radically 
by certain heat treatments. The present work deals with such precipi- 
tates and the changes produced by heat treatments. 


$2. EXPERIMENTAL DETAILS 

For the transmission electron microscopy, specimens were prepared 
from single crystals by the method of Washburn et al. (1960). Annealing 
treatments were carried out in a molybdenum or tantalum tube furnace, 
in an atmosphere of pure argon at a positive pressure; the specimens were 
contained in a covered thoria crucible. The crystals were purchased from 
the Norton Co., Worcester, Mass. (specimen numbers prefixed * N °) and 
from Semi-Elements Ltd., Saxonberg, Pa. (specimens prefixed .'$ ). 
Typical purity analyses are shown in table 1. Tn the figures, the edges of 
each photograph have been cut parallel to (100) except where otherwise 
shown. 


$3. ETCH PYRAMIDS AND Impurrry PRECIPITATES 


Etch pyramids can be produced in orthophosphorie acid (Ghosh and 
Clarke 1961) and Venables (1961) associated similar features with precipi- 
tate particles. However, orthophosphorie acid does not reveal all 
precipitates since higher densities of pyramids are produced by fuming 
nitric acid (Bowen 1963). Figure 1 shows pyramids produced by the 
latter etchant and the connection with precipitate particles is shown in 
fig. 2. It is important to note that pyramids such as those at D, form as a 


` result of impurities associated with a dislocation and are not produced by 


the dislocation itself. Fuming nitric acid does not reveal ‘fresh’ dis- 
locations, although concentrated nitric acid does. 


P.M. 4P 
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Care must be taken in interpreting electron microscope photographs in 
respect of the size of precipitates such as those at C in fig. 2. For example, 
the circular appearance of a particle (referred to as a * ball’ by Venables) 


Pyramids seen in plan A and side elevation B. Those in side elevation have 
been produced by etching for 15 min in fuming nitrie acid, and then 
cleaving to intersect pyramids on a sub-grain boundary. Subsequent 
etching produced the pyramids seen in plan. The crystal, prior to 
etching, had been annealed at 1950°c for 4 min, and cooled to 800°c in 
l min. 


Fig. 2 


Pyramids formed on precipitates Precipitates within the crystal 


Pyramids viewed in plan by transmission electron microscopy. The precipi- 
tates at C are strung along a dislocation line which makes a small angle 
with the (100) plane of the foil (this is also the plane of the photograph). 


See 
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does not represent the particle size; as shown in fig. 3 the actual particles 
can often be discerned as smaller and denser irregular spots within the 


circular patches. 


P 
Fig. 3 


Dislocations and associated impurity particles viewed at different foil orienta- 
tions. On the original plate the spot arrowed in the left-hand photograph 
could be discerned within the intense black circle of the right-hand 
photograph. 


It appears from electron microscope and optical microscope observa- 
tions that a pyramid grows while it contains an impurity particle but 
quickly loses its well-defined shape and dissolves away when the particle is 
removed by the etchant. Because of this the distribution of pyramid 
sizes should reflect at least roughly the distribution of precipitate sizes. 
(Each pyramid size quoted refers to the length of a side of a pyramid base.) 
Pyramid size distributions may be obtained by examination in the 
electron microscope of replicas of etched surfaces, and different crystals 
may thus be compared if the etching time is standardized. Pyramid 
densities obtained in this way correspond very well with those obtained 
from optical photomicrographs as shown in fig. 4. The histogram itself 
represents a typical pyramid distribution for crystal N 33 and will be 
discussed later. Generally the pyramid density and distribution vary 
widely from one crystal to another even though the impurity content is 
roughly the same; table 2 illustrates this in the case of crystals N 33 and 
S 5 of table 1. 

Stokes ef al. (1959) used an etchant comprising ammonium chloride, 
sulphuric acid and water. It was proposed that this etchant revealed 
non-linear defects, including precipitate particles, by the production of 
flat-bottomed pits at the defect sites. It has been found that fuming 
nitrie acid reveals many more etch features than the above etchant and 
fig. 5 illustrates this point. The lack of correspondence could be because 


eee 
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Table 2. Annealing details and pyramid density for a number of tests 


Specimen Anneal pu z Pyramid 
pecunel VEDO temp. Cooling details density 
number duration o e aig 
(°c) (em-?) 
N33/AR | As-received = = 2-2 x 107 
N 33/04 lhr 1800 50?c min-! 2:3 x 107 
N 33/C 11 10 min 1940-1970 50*?c min-! 7-13 x 108 
N 33/C3 lhr 1800 ] min to 700?ct 4 x 108 
N 33/C 12 10 min 1940-1970 1i min to 800?c 5x 109 
N33/010| 1min 2170 UCET 5 3x 100 
S5jAR As-received — = 3:5 x 108 
S5/C1 10 min 1900 200?c min-1 5x 108 
S5/C3 lhr 2000 6 min to 700?c 2-4 x 109 
S 5/06 10 min 1940-1970 50^c min-! 1-5 x 108 
85/07 10min 1940-1970 14 min to 800?c 5x 105 
S5/05 1 min 2170 ue UE 6:5 x 105 
= 


T Following Miles and Clarke (1961), this cooling rate on a } x 4 x 1 cm sample 
gives a thermal shock parameter S —0 for a yield stress ca. 10? dyn em-?. This 
means that it is about the maximum quenching rate a carefully as-cleaved 
erystal of such dimensions can withstand without fracturing by thermal shock. 


"n 7 
Fig. 4 
COMPARATIVE PYRAMID COUNTS (cmi)] 
PYRAMIDS. tuu Lou Gm at 
ptica iurface 
(O° em?) Specimen]  Microscopy.| ^ Replicas. 
15 N33/AR | 22x07 16-23x 107 
N33/CII 7-13x 10% | 6—8x 10° 
N33/A R 6 6 vn 
N33/CI2 1i 5x10 | 4x IO 
Sea 
10 | N33/CII 
D 
lip qe II 


N33/CI2 


LA. 


5 10 I5 
PYRAMID SIZE. (IO cm) 


Histogram showing pyramid density-size distribution. Sample numbers refer 
totable2. The pyramid density scale refers to a size range of 5 x 10-5 em. 
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(a) (b) 


Comparison of features revealed by different etehants. (a) Etchant of Stokes 
et al. (1959). 15 min etch at 30°c. There are about 2-5 x 108 pits em-?. 
(b) As (a) plus fuming nitric acid etch for 15 min at30?c. There are about 
2-5 x 107 pyramids cm~. 


either or both reveal only part of the defect distribution, although some 
confidence is attached to the fuming nitric acid as revealing every suitably 
placed precipitate. 


$4. ANNEALING TREATMENTS 


Annealing below 1000°c caused no major change in the pyramid dis- 
tribution for undeformed crystals. However, etching showed that 
impurities were able to precipitate on to ‘fresh’ dislocation lines for 
temperatures at or above 600°c. Figure 6 illustrates this. The effect 
is not produced by an anneal at 500*c of 24 hours' duration. 

Above 1000°c quite different effects occurred at the surface and within 
the body of the crystal; the number of surface pyramids diminished and 
successive 100°C increases in temperature caused a steady reduction in 
their density. At 1500°c an order of magnitude decrease had occurred 
and above 1800°c almost complete clearance had taken place. In such 
eases cleaving at right angles to the surface showed the denudation to 
be restricted to a layer whose thickness depended on the annealing time 
(e.g. fig. 1 shows a relatively denuded surface layer). The magnitude of 
this dependence is shown in fig. 7. Aline of slope 4 has been drawn on the 
graph since the evidence suggests that a diffusion mechanism may be 
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responsible for the denuded region. The diffusion coefficient calculated from 
the graph is ~ 10-7 em? sec-! at 1900°c, assuming the change in concentra- 
tion of the diffusing species to be 98% complete within the denuded 
region. Beyond the denuded region, there occurred either (a) a band of 


Crystal N 33, deformed in bending (neutral axis dotted) at room temperature, 
annealed for 23 hours at 600*c in argon, cleaved and etched in fuming 
nitric acid. The slip traces are revealed by the impurity precipitates. 
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densely distributed pyramids followed by a fairly homogeneous lighter 
distribution throughout the rest of the crystal (fig. 8 (a)), or (b) a homo- 
geneous pyramid distribution throughout the rest of the crystal (fig. 8 (5)). 
In all cases (a) occurred on fast cooling (typically 2000°c to 800°c in 
1} min) and (b) for slow controlled-rate cooling (50°c min-?). 


Fig. 7 
WIDTH OF 


2 
| DENUDED REGION. 
(cm) 


9 i900°c. 
O 1950-1960 °c, 
& 2170?cC. 
=== ————————À = 1 z 
2 2 3 3 M4 E] 
IO 510 IO 5x10 IO 5x10 


TIME. (secs) 


Graph showing width of denuded regions as a function of annealing time. 


The effects of annealing on the pyramid distribution found in the bulk of 
the crystal are summarized in table 2. This shows a trend for rapid 
quenching to produce a marked diminution in the number of distinguish- 
able pyramids, this being less pronounced for crystal S 5. Nevertheless, 
appreciable numbers of precipitate particles remain even after a fast cool 
from any temperature and electron microscope studies have confirmed 
this. Comparison of the histograms of fig. 4 shows that the proportion of 
larger pyramids diminishes after any high temperature heat treatment. 
For example, heat treatment reduces the proportion of pyramids above 
10— em size from 23% to 8-9%. 

The precipitation of impurities on to ‘ fresh ’ dislocations, already noted 
for temperatures as low as 600°c, has been observed up to the highest 
temperature used. As the temperature was increased above 1000?c the 
density of dislocations decreased but precipitation became more marked. 
Edge components of dislocations showed up more clearly than serew 
components. Tn fig. 9 the erystal has been etched to reveal dislocations, 
and re-etched to reveal impurities. The edge components have the 
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Fig. 8 


(a) Specimen N 33/C 10 of table 2. (b) Specimen N 33/C 1 annealed at 1960°c fo. 
l hour. Cooled to 800°c in 5 min. 


larger pyramids and in the electron microscope these components can be 


seen to have the larger precipitates. ‘This is consistent with the suggested 
correlation between pyramid size and precipitate size. 
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The pyramid distribution was found to be very sensitive to contamina- 
tion and great care had to be taken to protect samples from material 
evaporating from the heating element. Similarly it was found that the 
results could be affected by the physical disposition of crystals during 
annealing. For example, if two or three specimens were stacked on top 


Fig. 9 


p ow 
3s 


Showing a specimen that was deformed at room temperature, annealed at 
1500*c for 1 hour, cooled to room temperature in 4 hour, etched in the 
Ghosh and Clarke solution, then in fuming nitric acid. 


of each other, even with separating pieces to allow gas circulation, the 


width of the denuded region on the underneath samples tended to be 


smaller than for the results of fig. 7. "This was tentatively attributed to 
the thermal decomposition of the crystals causing a partial pressure of 
oxygen between the specimens; anneals in air did not result in a compar- 
able denuded region. 


$5 


. IMPLICATIONS mI 
ite on to dislocations at 


* 
D 
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the reported rise in the yield stress above 500°c (May and Kronberg 1960) 
and supports the suggestion that this phenomenon is connected with 
impurity precipitation. 

Recent work by Stokes (1962) has shown that heat treatment for } hour 
at 2000?c in an argon atmosphere, led to the attaining of maximum shear 
strengths over 70 000 p.si. (~5x 10° dyn em-?) and Sambell (1962, 
private communication) has confirmed similar strengths for the crystals 
studied here. Stokes proposed as an explanation for these high strengths 
that precipitates in as-received crystals act as dislocation sources and that 
the heat treatment removes the precipitates. In the case of the present 
work at least, the evidence is that none of the heat treatments was effective 
in removing all precipitates from the crystal, except possibly in parts of 
the surface layer. Therefore the high strengths cannot rely on the com- 
plete removal of precipitates. Alternative explanations in terms of 
‘pinning’ or the dislocations lying on slip planes unfavourable to move- 
ment would seem to be acceptable, though these would apply both to 
annealed and as-received crystals. 

Do impurity precipitates in magnesium oxide act as dislocation sources 
at all? Stokes pointed out that the range of ‘ball’ sizes reported by 
Venables would correspond to critical stresses in the experimentally found 
range (i.e. 10°-3 x 10? dyn em~?) if at least some were assumed to have 
loops of the ‘ ball’ diameter. ‘The present work indicates that the * ball’ 
diameter does not necessarily represent the particle size. Nevertheless, 
the pyramid size studies suggest that the effect of annealing is to reduce 
the sizes of the larger precipitates, and if loops could be shown to 
originate at precipitates then the loop size might also be reduced; in this 
case the stress required to operate such sources would rise. The difficulty 
in accepting this viewpoint at present lies in the fact that during examina- 
tion of a large number of specimens in the electron microscope, no example 
of an obviously incoherent precipitate was ever seen. All dislocations 
associated with precipitates have been in the context of a number of 
precipitates strung along a dislocation line as in fig. 3. 
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ABSTRACT 


Earlier work in this laboratory on tracer diffusion of solutes in PTi, which 
resulted in abnormally low values of activation energy and frequency factor, 
has been extended to higher temperatures. Diffusion coefficients for the 
solutes Nb, Mo, Cr, Mn, Fe, Co and Ni have been measured over the whole 
available temperature range from the a—f transformation point at 900°c to the 
melting point of Ti, 1650?c. The resulting Arrhenius plots show curvature 
in the direction of apparent activation energies and frequency factors 
increasing with temperature. This is of special interest in view of the 
abnormalities previously found, and possible interpretations are suggested. 
It has not proved possible to distinguish conclusively between two 
important possibilities, the presence of two diffusion mechanisms, or a single 
mechanism with temperature dependent parameters. Structure sensitive 
diffusion mechanisms are believed not to account for the observed curvature. 

Isotope effect experimenis with 5*Fe and *?Fe appear to exclude the 
4-atom ring diffusion mechanism as a possible basis for explaining the 
abnormally low activation energies and frequency factors. Experiments 
on the diffusion of Nb in Ti-Nb alloys have been extended to the whole 
composition range 0 to 10095 Nb, and the activation energy and frequency 
factor are given as functions of composition. Further work at the Ti-rich 
end of this system is necessary to resolve certain ambiguities. 


$1. INTRODUCTION 


EARLIER reports from this laboratory have drawn attention to abnormal 
diffusion behaviour in b.c.c. Ti and Ti based alloys (Mortlock and 
'Tomlin 1959, Peart and Tomlin 1962). The main abnormalities are 
activation energies much lower than those given by empirical rules, such 
as the melting temperature correlation Q~ 38T' kcal/mol, and frequency 
factors too small to satisfy Zener's (1951) theory. Similar behaviour has 
been found by Kidson and MeGurn (1961) in b.c.c. BZr, by Adda and 
Kirianenko (1958), and Rothman et al. (1960) in b.c.c. yU. Hagel (1962) 
has found the activation and frequency factor for self-diffusion in Cr to 
have normal values, whereas Paxton and Gondolf (1959), experimenting 
in a lower temperature range, give much smaller values, comparable with 
the abnormalities found in Ti, Zr and U. The two sets of results for Cr 
admit the possibility that they are consistent and that the complete 


Arrhenius plot is curved, but further work is necessary before such a 
conclusion can be drawn. 


T Now at Berkeley Nuclear Laboratories, Berkeley, Glos. 
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Curvature in the Arrhenius plots for tracer diffusion in BTi appears to 
have been well established in the present work, deviations from the 
previously reported linear relations of abnormally low Q and D, occurring 
at temperatures above about 1250°c. We shall accordingly refer to two 
temperature ranges, a ‘low temperature range’ 900 to 1250°c, and a 
‘high temperature range’ 1250 to 1650°c. 

Isotope effect measurements have been carried out in the low tempera- 
ture range using the isotopes **Fe and Ie for tracer diffusion studies in 
pTi, and in an attempt to gain further insight into the abnormal behaviour. 
Finally the study of tracer diffusion of Nb in Ti-Nb alloys has been 
extended to beyond the composition range 0 to 15 atom % covered in the 
work of Peart and Tomlin (1962), so as to link up with the Nb self- 
diffusion experiment reported by Peart et al. (1962). In this extension the 
opportunity was taken of making measurements up to the Ti-Nb solidus. 


$2. EXPERIMENTAL METHODS 
Except that serial sectioning was used in this work in addition to the 
autoradiographie method of diffusion zone analysis, experimental 
methods, materials and specimen preparation were essentially similar 
to those described previously. In order to justify the comparison of 
new results at higher temperatures with corresponding earlier ones, some 
of the latter low temperature measurements were repeated. 


Fig. 1 


Sample Holder 


Arrangement of sample and G.M. counter for isotope effect measurements. 


Special precautions were necessary in the isotope effect experiments to 
achieve the required accuracy. The isotopes 55Fe and 5?Fe were electro- 
deposited simultaneously on the Ti specimens and serial sectioning by 
sed excl Y for di ion zon lysis. The concentration 
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distributions of the two isotopes were separated by a differential absorp- 
tion method making use of the very soft Mn x-rays which are the only 
detectable radiation from **Fe. Standard mixtures of measured amounts 
of the isotopes were used to check the accuracy of the separation and special 
attention was given to corrections for decay rates, counter dead times 
and the stability of the counting equipment. All samples were measured 
as liquids obtained by dissolving the lathe turnings in hot HCl, and they 
were standardized to constant volume and constant concentration of 
dissolved metal to avoid variations in self-absorption. Figure 1 shows 
the geometrical arrangement of the Geiger counter, Al absorber and 
polythene cell to hold the liquid samples. It was found that use of the 
same cell throughout the experiments gave best reproducibility, and no 
difficulty in decontaminating it after each measurement was found. The 
Al absorber was sufficient to reduce the **Fe x-radiation to a negligible 
fraction, and its effect on the 5Fe contribution was determined from a 
separate measurement. In addition to these relative measurements of 
the 55Fe and 9?Fe concentrations it was necessary to determine the diffusion 
coefficient of one of them as a function of temperature. This was most 
conveniently done by measuring the activities of the samples in a 
well-type scintillation counter which detected only the 9?Fe y-radiation. 
'The same counter was used for all the other diffusion coefficient deter- 
minations when the sectioning method was employed. 

Values of the diffusion coordinate x for each section were found by 
weighing the specimens before and after each lathe cut, and from measured 
densities and diameters. The weights of the collected turnings were also 
measured and found to compare satisfactorily with the weight differences. 

Several.comparisons between the autoradiographic and lathe sectioning 
methods have been made in the course of the work. In the cases least 
favourable for the former method, where large corrections for y-ray 
contributions to the image are necessary, we find a systematic difference 
of about 25%, between diffusion coefficients determined in the two ways, 
the autoradiographic results being the higher. With isotopes which are 
particularly suitable for autoradiography, such as 99?Ni and 5*Fe, we have 
found agreement with the sectioning method to within 1095. In no case 
has a significant difference in activation energy arisen from the use of the 
two methods. 

: $3. RESULTS 

We first give the results of the extension of tracer diffusion studies in 
BTi to higher temperatures, approaching the melting point. 'Phese are 
shown in fig. 2 combined with data from the earlier work at lower tempera- 
tures, in the form of log D-1/T plots. It is apparent that the plots are 
linear, or approximately so, only in the range T « 1600°K (1/7 > 6:3), and 
it is to this range that the activation energies (Q) and frequency factors 
(D, quoted by Peart and Tomlin (1962), apply. Curvature corre- 
sponding to higher apparent values of Q and D, is shown for all solutes 
studied, Nb, Mo, Cr, Mn, Fe, Ni and Co in the range T > 1600?x. 
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The diffusion coefficients for Mo, Mn and Co were determined by the 


lathe sectioning method, and examples of measured concentration 
distributions C(x) are given in fig. 3. Autoradiography was used for the 


Fig. 2 
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: remaining solutes since isotopes emitting sufficiently soft radiations were 
available. All results closely satisfied the solution 


(x) =C(0) exp (—a?/4 Di) 
of Fick’s equation appropriate 
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functions of the squared diffusion coordinate. The use of z?/4.Dt instead 
of simply x? results in a gradient equal to 1—(D44/.D5,), Dss and Dss 
denoting the diffusion coefficients of the two isotopes at a given tempera- 
ture. It is convenient to use the ratio 


$597 {1 — (Ds Ds5)] (1 — (55/59)? jt 
as a measure of the isotope effect, it varies from zero to unity as the 
diffusion coefficient ratio varies from unity to a value equal to the square 
root of the mass ratio, (55/59)'/?. This case is represented by the lines 
drawn in fig. 4, and the experimentally determined values of $5, are given 
in table 1. 
Fig. 3 
3-0 k. 
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Concentration distributions. Tracer diffusion in BTi. 


Table 1. 

Temp. (°C) | D, (em?/sec) $5» 
1082 6-92 10-3 | 0-02; +0-02, 
1228 2-00» 10-7 | 0-09; +0-03, 
1369 6:14 x 10-? | 0-09, 0-02, 


Values of D; required for making the plots were derived from the 
concurrent measurements by scintillation counting. This was an inde- 
pendent study of the tracer diffusion of 5°Fe in ATi, and the results are 
given in fig. 5 in comparison with the earlier autoradiographic study by 
Peart and Tomlin. It is of interest to note that the highest temperature 
point in the lathe sectioning results shows a deviation from linearity 
consistent with the curvature already referred to. 


P.M. 4Q 
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Fig. 4 
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Fig. 4 (continued) 


B 
o 


o 
eo 


eo 
wo 
jp em 


Square root of mass dependence 


m 
RI 
4 


Logo (Css /Cs9) 


w 
o 


1:35 


1:34 
1369 °C = 
1-33 
x2/4Ds9t 
zT D lus Tuc 2 zs xxx 
0 1-0 2-0 3-0 
(c) 


Isotope effect experiment, relative concentration distribution for ?*Fe and 5?Fe, 


Results obtained in the completed study of the diffusion of Nb in Ti-Nb 
alloys are shown in fig. 6. The alloy compositions used were 31, 54, 66 
and 89 atom % Nb. Figure 6 includes the 5, 10 and 15 atom % data, 
and also the 100% Nb, or self-diffusion limit, from earlier work. The 
measurements on the 5, 10 and 15% alloys do not extend to near the 
solidus and an interesting region of the figure clearly remains to be filled 
in. 


$4. DISCUSSION 
4.1. Solute Diffusion in BT% 


Tt has not proved possible to give, at the present stage, an unambiguous 
interpretation of the curvature found experimentally. At least three 
causes need consideration, and we shall deal with them in turn. 

(a) It might be postulated that the same diffusion mechanism applies 
throughout the whole temperature range studied, but that the associated 
activation energy is temperature dependent. The slope of the tangent 
to a log D-1/T curve at any temperature is then equal to the value of the 
activation energy at that temperature and the intercept of the tangent 
on the axis 1/T' —0 gives the corresponding value of Dp. 


492 


CC-O. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
1276 G. B. Gibbs et al. on 


As far as we know, no occasion has arisen in the past for invoking 
temperature dependent enthalpies and entropies of defect formation or 
atomic jump processes. ln general, log D-1/T' plots have shown only 
slight deviations from linearity when purely volume diffusion isrepresented. 
Curvature can arise in principle in the case of solute diffusion through. à 
temperature dependent correlation effect, but it is in the sense opposite 
to that found in this work. 


Fig. 5 
€ Serial sectioning 
N D Autoradiography 
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Diffusion of 55Fe in BTi, comparison of separate experiments by autoradio- 
graphy and serial sectioning. 


(b) It would be more in line with earlier developments in the study of 
diffusion in metals to associate only the higher temperature regions of the 
curved plots with pure volume diffusion, taking the curvature to indicate 
enchanted diffusion rates at lower temperatures. Such enhancement can 


Fig. 6 
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be due to preferred migration along grain boundaries, orin the case of single 
crystal experiments, dislocated networks. The solute diffusion experi- 
ments of Mackliet (1958) and Mortlock et al. (1960) may be cited as examples 
of enhancement by dislocations. By comparison, the departures from 
linearity now reported would correspond to very much greater enhance- 
ment, indeed, the observed diffusion rates below about 1200°c would have 
to be almost entirely due to dislocations on this interpretation of the curva- 
ture. Since no preferential grain boundary diffusion was observed by 
autoradiography, and diffusion coefficients measured in the lower tem- 
perature range were reproducible, showing no marked dependence on 
precise pre-annealing treatment, it seems reasonable to exclude dislocation 
diffusion as the main cause of the curvature. 

(c) Interesting results have emerged from a third view, that the curva- 
ture is due to a competition between two volume diffusion processes, each 
represented by a definite value of activation energy and frequency factor. 
The plots of fig. 2 then take the non-linear form: 

log D=log (D, + Dy) «log [Do exp (—Q,/RT) + Dy, exp (—@2/RT)]. 
Taking Q, >Q, and Dy,» Dos, the suffix 1 refers to a mechanism dominant 
in the higher temperature range, and suffix 2 to a second mechanism 
dominant at lower temperatures. On this basis we therefore identify 
previously published values of activation energy and frequency factor 
for tracer solute diffusion in BTi with the present Q, and Dos We have 
attempted to find corresponding values of Q, and Dy; by analysis of the 
experimental curves, but because the extent of the curves to be fitted is 
narrowly limited, and two parameters have to be chosen, unique assign- 
ments of these parameters cannot be claimed. However, for the solutes 
Nb and Mo, the same values, Q,=73 kcal/mol, D,,— 20 em?/sec were 
found to give the required fit by a process amounting essentially to 
subtracting the extrapolated low temperature lines from the experimental 
curves. These values are in good agreement with the melting point 
correlation Q~387'm for self-diffusion, and with Zener's expression for 
Dy. There are reasonable grounds for expecting the tracer diffusion of 
these solutes in BTi to approximate closely to self-diffusion in BTi since 
the solid solubilities extend over the entire concentration range, and 
at least in the case of Nb, there is little variation of lattice parameter. The 
Q, and Dı found in the same way for the other solutes are smaller 
than for Nb and Mo, in accordance with the usually found tracer diffu- 
sion behaviour of solute elements appreciably displaced from the solvent, 
in the electropositive sense, in the periodic table. The closeness with 
which the experimental curves of fig. 2 are fitted by the sum of two 
normally temperature dependent diffusion coefficients is shown in fig. 7. 
The full lines correspond to the calculated sum. Table 2 gives the activ- 
ation energies and frequency factors on which fig. 7 is based. 

The vacancy mechanism is generally regarded as the only one observed 
in all f.c.c. and certain b.c.c. metals for which measured activation energies 
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conform to the melting temperature rule, and frequency factors to Zener’s 
theory. Assuming that the numerical factor A in this theory is approxi- 
mately unity for the b.c.c. lattice, a value of about 0:3 for Zener’s para- 
meter f is given by Q,—73 kcal/mol and D; — 20 cm?/sec. Since £ lies 
in the range 0:25 to about 0-6 for most metals this gives a basis for 
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Comparison of calculated curves with experimental points. Diffusion of 
solutes in STi according to a two-mechanism interpretation. 


Table 2 


Solute |Q, (kcal/mol) |Q, (kcal/mol) | Do, (cm2/sec) | Doa (cm2/sec) 
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concluding that Zener’s theory fits the higher temperature results for Nb 
and Mo. 

Zener’s relationship between D, and Q is not restricted to a particular 
diffusion mechanism, though the appropriate value of A might be mechan- 
ism dependent. It is the empirical relation between Q and the melting 
temperature which gives the strongest suggestion that the Q, and Do, 
values refer to the vacancy exchange process. On the other hand it is 
generally accepted that of all possible volume diffusion mechanisms in 
metals, vacancy exchange is the one with the lowest activation energy. To 
associate this mechanism with Q, and D,, therefore involves difficulties 
in assigning a mechanism to the lower temperature region if we 
adhere to the two mechanism interpretation of the present results. 


4.2. The Isotope Effect Experiments 


These experiments were carried out in the temperature range 1082 to 
1369?o in which the implied mechanism characterized by the lower Q and 
D, values is dominant. It is at once apparent from fig. 4 that there is 
little difference between the diffusion coefficients of 5*Fe and 5Fe, 
establishing that a feature of the mechanism is rate limitation by solvent 
rather than solute atom jumps. 

This situation can arise if the simultaneous movement of a group of n 
atoms is involved. At tracer concentrations of the solute it is highly 
improbable that such a group will contain more than one solute atom, 
which will thus make only a partial contribution to the jump frequency. 
Vineyard (1957) gives the expression: 

Dj D, — (m, + (n — Y)m 2 . {m+ (n — 1)m ge 
~1—4(m,—m,) . (m, 4 (n—1)m)-t 
for the relation between the diffusion coefficients of two isotopes « and B of 
a solute, m,, Mg and m denoting the atomic masses of the isotopes and of 
the solvent. From this we derive an isotope coefficient: 
ba =(1— D/D.) (1— (m/m)? -1 
eml (m, 4 (n.— 1)m}. 

In the case of the 4-atom ring mechanism recently considered by Pound 
et al. (1961) as having a possible application to b.c.c. metals, we put n= 4, 
and with the appropriate values m,=55, m,—59 and m=48 we get 
d59=0-27. This result is considered to be outside the uncertainty in the 
experimental values of table 1, to obtain agreement we require n> 8, 
giving $ € 0:12,. 

For diffusion by the interstitialey mechanisms we should put n=2, 
giving $5, 0-535, but directional correlation between successive jumps 
can introduce an additional isotope effect, lowering this value. No 
treatment of the correlation problem for solute diffusion by interstitialcies 
in the b.c.c. lattice appears to exist in the literature. It does not seem 
unreasonable however, that values of $5 as low as 0-1 could arise in this 
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way. Schoen (1959) and Tharmalingam and Lidiard (1959) have shown 
that the ratio ¢, is equal to the appropriate correlation factor when 
correlation of jump directions is the sole cause of the isotope effect. 
Peart (1959) has adapted LeClaire and Lidiard’s (1956) analysis of the 
correlation effect in solute diffusion by vacancy exchange to the b.c.c. 
lattice. In the approximation where all solvent atom jumps are assigned 
the same jump frequency, a difference only of the order 3 kcal/mol 
between the free energies of motion of solute and solvent atoms gives 
$s920:1. The experimental results therefore exclude neither the 
interstitialey nor the vacancy diffusion mechanisms. 


4.3. Diffusion in Ti-Nb Alloys 


The full curves in fig. 8 show the experimental data in the form of 
activation energy and frequency factor for tracer diffusion of Nb in Ti-Nb 
alloys, as functions of the Nb concentration. They include the lower 
temperature (Q, and Do.) values for the 0% Nb case, and for the 5, 10 
and 15% alloys, values derived from measurements not extending to near 
the solidus. It is possible however, that the Q, and D,, values are the 


Fig. 8 
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appropriate ones to plot at the 0% point, and it is not at present known 
whether a similar ambiguity arises in respect of the 5, 10 and 15% points. 
It is possible that curves of the kind shown as broken lines in fig. 8 might 
correctly describe the variations of Q and D, for constant diffusion mech- 
anism. We intend to carry out a re-examination of the low-Nb region 
of this problem, extending the measurements to higher temperatures, 
since it appears that more positive evidence of a transition from one 
diffusion mechanism to another might emerge. 


$ 5. CONCLUSION 

The main point we wish to make is that our previously published values 
of activation energy and frequency factor for tracer diffusion of solutes 
in BTi, on the basis of which this diffusion behaviour was regarded as 
abnormal, do not provide a complete description of the problem. The 
present results of isotope effect experiments exclude the 4-atom ring 
mechanism in the lower temperature region to which these data apply, 
but they are not incompatible with an n-atom complex mechanism with 
nx8, or with the interstitialey and vacancy mechanisms. 

On the general basis of the two-mechanism interpretation of the extended 
solute diffusion results we seem to have two possibilities regarding the 
kind of abnormality shown by the diffusion behaviour of pTi. Either 
we have some unusual mechanism with Q, and D,, values considerably 
less than those for vacancy exchange, or a situation in which all possible 
diffusion mechanisms have abnormally low Q and D, values. In the 
first case we should conclude that a normal contribution to vacancy 
diffusion occurs at the higher temperatures, but the lower temperature 
mechanism remains undetermined. In the latter case it could be regarded 
as normal behaviour that if Q., Doz represent vacancy exchange, then 
Qa, Do represent a diffusion mechanism for which the activation energy is 
usually too large to give an observable contribution in the attainable 
temperature range up to the melting point. The di-vacancy mechanism 
is a possibility, partly supported by an approximately constant ratio 
Q,/Q2, equal to about 1-7 (see table 2), for all the solutes. However a 
similarly constant ratio of entropies would also be expected and this is 
not borne out by the experimental Dy; and Do, values. 

In addition to these uncertainties of interpretation, we cannot dismiss 
the possibility that the curved log D-1/T' plots represent a continuous 
variation of the Q and D, of a single diffusion mechanism with temperature. 
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ADDENDUM 


Since the completion of this work, other reports of curvature in 
log D-1/T plots for diffusion in metals have come to our notice. In 
particular, Lundy and Federer (1962) find such curvature in self-diffusion 
in BZr, with an apparent activation energy ranging smoothly from 
20 kcal/mol at 1136°K to 47 kcal/mol at 2000°K. 
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ABSTRACT 


Face-centred cubic metal films that are prepared by evaporation onto 
sodium chloride contain numerous micro-twins. It is suggested that these 
twins are formed when two nuclei, which happen to be approximately twins 
of one another, coalesce and rotate into precisely twin relationship. The 
rotation takes place in a manner similar to the rotation of nuclei into 
parallel alignment that was observed by Bassett. 

It is shown that this mechanism is consistent with the mode of growth 
of films, and with the size, shape and arrangement of the twins. The 
mechanism is also able to account for the formation of twins early in film 
growth, for the rarity of twins of twins, and for the presence of the {112} 
orientation observed by Gottsche and Kehoe. 


| $1. INTRODUCTION 


A feature of face-centred cubie metal films grown epitaxially on the 
| (001) face of rocksalt is the presence of twins on all {111} planes. This 
| was established by electron diffraction (Cochrane 1936, Kirchner and 
Rudiger 1937, Menzer 1938 a,b). Figure 1 is a transmission electron 


a 


Transmission electron diffraction pattern from a gold film about 
800 À in thickn 
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Electron micrographs of" dile Dc / 
in which there was 2 
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diffraction pattern obtained from a gold film grown on the (001) face of a 
rocksalt crystal. The film contained wrinkles which ensured that all the 
reciprocal lattice near the (001) plane which passes through the origin 
was cut by the sphere of reflection. The innermost spots in fig. 1 
have indices of the 111 type and are due to twins. The streaks which join 
these spots to the 200 spots from the matrix show that many of the 
twins are very thin (Jahrreiss 1954). It is likely that some of the twins 
are as thin as extrinsic or intrinsic stacking faults, but the presence of 
streaks does not establish whether this is so or not. Stacking faults in 
evaporated films have been detected by moiré fringe techniques (Bassett 
et al. 1958). 

Both stacking faults and twins give rise to parallel sets of fringes in 
transmission electron micrographs (Whelan ef al. 1957, Whelan and 
Hirsch 1957 a, b, Nagaaswa and Ogawa 1960, Schéning and Baltz 1962, 
Schlótterer 1962). It seems that many of the sets of fringes seen in micro- 
graphs of evaporated films are due to twins and that some of them may 
be due to stacking faults (Nagasawa and Ogawa 1960, Sehlótterer 1962). 
'They are certainly not all due to stacking faults as was assumed by 
Matthews (1959) and Phillips (1960). 

Several mechanisms for the formation of micro-twins in evaporated 
films have been proposed. Perhaps the best known of these is due to 
Menzer (1938 b,c). He suggested that silver grew initially in the twin 
orientations and that the final orientation parallel to the substrate resulted 
from twinning of the initial ones. The shortcomings of this mechanism 
have been described by Pashley (1956). Burbank and Heidenreich (1960) 
suggested that twins were formed to accommodate the displacement 
between the lattices of coalescing nuclei. Hall and Thompson (1961) 
proposed that they resulted from the accidental wrong stacking of atoms 
in the {111} faces of growing nuclei. , 

This paper describes an alternative mechanism for twin formation. 
It was suggested by a study of films of copper, gold, nickel, palladium and 
silver in which there was a thickness gradient. 


$2. MODE or GROWTH OF Fms 


Copper, gold, nickel, palladium and silver films in which there was a 
thickness gradient were prepared by evaporation onto hot rocksalt. The 
thickness variation was obtained by moving a shutter across the salt face 
while the deposition of metal was in progress. It was found that many 
nuclei in the thin end of a deposit were misaligned even when the thick 
end was a single crystal. This improvement in the alignment of a deposit 
is shown by figs. 2 and 3. 

Tt is important to be sure that the improvement in alignment shown by 
figs. 2 and 3 is not an artefact. Jacobs and Pashley (1962) found that 
gold nuclei, which were grown on silver and backed with carbon, changed 
their shape and orientation when the substrate was dissolved. These 
changes did not occur in nuclei backed with platinum. In order to 
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(a) 
| 
i 
(b) 
(o) 
i 
| 
Diffraction patterns obtained from small areas (2 „in a: . | 
the areas in fig. 2 (a), on ue hee which included 
CC-O. In Public Domain. Gurukul Kangri Collection, Haridwar | 
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determine whether the orientation improvement in figs. 2 and 3 was an 
artefact or not, we backed the incoherent portion of a gold film with nickel. 
(Nickel was preferred to platinum because its atomic number is lower and 
because its lattice parameter is further from that of gold. Jacobs and 
Pashley used platinum because of its insolubility in nitric acid.) The 
thick end of the film was a single crystal but as fig. 4 shows, the incoherent 
part contained misaligned gold nuclei. The gold rings in fig. 4 are not 
as obvious as they are in fig. 3, but this is at least partly due to the 
obscuring effect of electrons scattered by the nickel backing. 


Fig. 4 


ee: a A x 
Portion of the diffraction pattern obtained from a thin gold deposit backed 
with nickel. 


§ 3. DESCRIPTION OF THE MECHANISM 


As a result of the misalignment of nuclei in the early stages of growth 
it is possible for neighbouring nuclei to have lattices which are nearer to 
twin relationship to one another than they are to parallel alignment. If 
these nuclei coalesce one of them may rotate and become exactly a twin 
of the other. This rotation into twin orientation is similar to the rotation 
into parallel alignment that was observed by Bassett (1960). ; l j 

Evidence which is consistent with this proposal has been obtained from 
dark-field observations of twins in incoherent silver deposits. | 


$4. DARK-FIELD OBSERVATIONS OF TwiNs 
4.1. Image Formation 
Figure 5 is a diagram showing the spots that may be present in a 
transmission diffraction pattern obtained from an (001) film that contains 
a twin on (111). It is assumed that the film may be tilted so that the 
normal to its plane makes an angle of as much as 20? with the incident 
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electron beam. Spots that correspond to reciprocal Jattice/ points : oe 
(001) plane that passes through 000 are indicated by filled e ; Tr 
that correspond to reciprocal lattice points above this plane n E 
upper halves filled. Those that correspond to points below the p a 
have filled lower halves. All the half-filled spots are due to the twin. 


Fig. 5 
e e e 
m e 
[2] e e 


* e 
o e 


The diffraction pattern of the matrix plus a twin on (I11), (111) or 
(111) is obtained from fig. 5 by rotating it about the normal to the paper 
through 7/2, m or 32/2 respectively. It can be seen that the innermost 
four spots in fig. 5 do not coincide. with spots from twins on (111), (111) 
or (111). (Spots whose upper halves are filled fall on those with filled 
lower halves, but this does not count as coincidence. This is because the 
sphere of reflection cannot eut both the corresponding reciprocal lattice 
points at the same time in the same part of the Specimen.) "Thus, if one 
of the innermost reflected beams is used to form an image, one of the twin 
orientations will appear light but the matrix and the other three twins 


will appear dark. Figures 6 and 7 are micrographs of images formed with 
adjacent innermost beams. 


4.2. Observations 

Many of the boundaries of the nuclei in figs. 6 and 7 appear light and 
are thus in twin orientation. "This is a feature one would expect to find if 
twins are formed by Hall and Thompson's mechanism or by coalescence, 
but it is not reconcilable with twin formation by the mechanism of 
Burbank and Heidenreich. 

The interfaces between the twins and the matrix frequently end on 
cusps in the outlines of nuclei (see arrows A in figs. 6 and 7). Ifthe cusps 
were due to tension in the interface between the two crystals there would 
be a cusp wherever a twin interface ended on the surface of a nucleus. 
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Dark-field micrographs of the same area of a silver deposit. ‘The images were 


Dark- 


P.M 


formed by adjacent 111 twin spots. The grey background to the nuclei 
results from electrons scattered into the objective aperture by the carbon 
supporting film. Magnification 70 000 x . 


Fig. 7 


field micrographs of the same area of a silver deposit. The images were 
formed by adjacent 111 twin spots. The grey background to the nuclei 
results from electrons scattered into the objective aperture by the carbon 
supporting film. Magnification 70 000 x. : 
CC-O. In Public Domain. Gurukul Kangri Collection, Haridwar 
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This is not so ; there are no cusps at B in figs. 6 and 7. The presence of 


cusps at some but not all of the twin interfaces can be accounted for if 
twins are formed by coalescence. Cusps would be present when nuclei 
coalesced and would gradually disappear as more metal was added. ‘Thus, 
the twins formed shortly before the deposition of metal ceased would have 
twin interfaces which ended on cusps, but those formed much earlier in 
film growth would not. The cusps may also be due to the development of 
facets on the twins. Thus, the presence of cusps may be consistent with 


Hall and 'Thompson's mechanism. 


Fig. 8 


(b) 


The initial and final stages in the formation of coalescence twins whose twinning 
plane is (111). 


Figures 6 and 7 show that the volume of a twin is usually small compared 
with that of the nucleus to which it is attached. This suggests that if 
twins are formed by coalescence the nuclei which go into oia orientation 
are of smaller than average size. Figure 8 (a) and (b) shows the initial 
and final stages in the formation of twins, whose twinning plane is (111) 
and whose volume is small compared with that of the nucleus to which hey 
are attached. It has been assumed that coalescence takes place approxi- 
mately on the twinning plane, i.e. on the (111) plane ie tel 
common to both lattices. This assumption has been made Teenie E 
have (111] facets (Matthews 1959) and because twin Hounds arallel to 
the twinning plane have lower energies than twin boundaries TTG to 
other planes. Figure 8 (a) and (b) must however not be regarded as an 
illustration of the only way in which * coalescence ' twins may be formed 
The observations of Pashley and Stowell (1962) show that modifications ait 
the interfaces between nuclei can take place very easily. Thus twins ma 
be formed even when coalescence takes place on faces which are not alm ; 
parallel to the twinning plane. = 

It would, nevertheless, be surprising if twins on (111) were formed with 
equal frequency on the right and left-hand ends of nuclei like A in fig. 8 
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Tn order to test this we counted twins at the ends of nuclei in six dark-field 
micrographs taken under the same diffracting conditions. There were 
671 twins on the right-hand sides of nuclei and 419 on the left. Although 
it is possible to do so, we did not determine whether the twins that 
appeared light in the micrographs lay on the (111) or the (III) plane. 
Thus we do not know whether or not the coalescence on the right of A in 
fig. 8 (a) and (b) is more common than that on the left. However, one 
does not need to know this in order to predict the relative concentrations 
of the numerous different defects composed of several twins with different 
twinning planes (see § 6.1). 


$5. PREDICTIONS OF THE MECHANISM 
5.1. The Stage in Film Growth at which Twins Appear 

One would expect ‘ coalescence ’ twins to appear when the coalescence 
of nuclei begins. A number of gold deposits, 10 to 50 4 in mean thickness, 
were prepared to determine the thickness at which coalescence begins. 
It was found that coalescence occurred in 10 å deposits but that it was not 
common. It was more common in 204 specimens. Figure 9 is a micro- 
graph of a gold film about 204 thick ; examples of coalescence are arrowed. 
They are not as obvious as the examples in thicker films. This seems to be 
because the cusped outline is short lived when the nuclei are small. 


Fig. 9 


Bright-field micrograph of a gold deposit about 20 A in thickness. Examples 
E: dot the coalescence of nuclei are arrowed. Magnification 215 000 x. 


Observations which are consistent with these results have been made by 
other workers. Kirchner and Cramer (1938) found that twins were absent 
from 84 deposits but were present in deposits 204 in thickness. Kehoe 
(1957) found that twins appeared when the deposit thickness reached about 
124. The rarity of twins in the early stages of film growth is also shown 
by fig. 3 (a). 


4R2 
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5.2. The Size and Shape of Twins 

Shortly after the coalescence of A, B and C in fig. 8 (a), the twins B and 
C, would spread over the (111) faces of A in the same way as steps move 
over a growing crystal. The dimensions of the twin interfaces will 
therefore be defined by the dimensions of A. The thicknesses of the twins 
(measured along [111]) will, for a short time after their formation, be 
smaller than the diameters of B and C. This is because atoms will 
diffuse from B and C onto the faces of A (see Pashley and Stowell 1962). 
Growth, after B and C have covered the (111) faces of A, will increase the 
thickness of the twins at half the rate at which their length (measured 
along [110]) increases. This will be modified, and eventually halted, by 
further coalescence, but the length of twins will usually be much greater 
than their thickness. ‘The length of the longest twins will be approxi- 
mately equal to the diameter of the largest nuclei. These predictions agree 
with observations. Twins in complete films are known to be thin from 
electron diffraction patterns and from their appearance in electron 
micrographs. That their lengths are about equal to the diameters of 
large nuclei can be seen by comparing the twins in fig. 2 (c) with the nuclei 


in fig. 2 (b). 


Fig. 10 


The formation of a twin whic EISE i ^ 
8 a twin which does not extend through the film. 


Fig. 11 


(a) 


(b 
Stages in the formation of a twin which does extend through the film 
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* Coalescence ’ twins will always be in contact with the substrate but 
those formed as B in fig. 8 (a) and (b) may or may not extend to the upper 
surface of the film. This is illustrated in figs. 10 and 11 (a) and (b). 
| Tt can be seen that whether or not the twin extends to the upper film 
| surface depends on the coalescences that take place after the twin has 
| formed. If the nucleus to which the twin B is attached meets a larger 
| neighbour (see fig. 10) the twin will not reach the upper surface. If it 
meets a smaller neighbour (see fig. 11 (a) and (b)) the twin will extend 
through the film. Thus one would expect the concentration of twins to 
be greater in the surface in contact with the substrate than it is in the 
opposite face. This has been found to be so in permalloy films prepared 
on rocksalt (Burbank and Heidenreich 1960). The uniform width of 
twins in micrographs of pure face-centred cubic metal films (see, for 
example, Matthews 1959) does, however, suggest that the twins are bounded 
I on the upper and lower film surfaces. It is perhaps possible that twins 
which do not extend through the films are unstable and anneal out. This 
is consistent with the decrease in the concentration of twins that occurs 
when deposits change from ones composed of nuclei into complete films. 
This decrease was first noticed by Kirchner and Cramer (1938). 


5.3. Lateral Boundaries to Twins 
The increase in length of twins is terminated by coalescence. The 
lateral twin boundaries formed during this process will be influenced by 
the shapes and the relative sizes of the coalescing nuclei. Figure 12 
illustrates the formation of lateral boundaries to thin twins when the 


Fig. 12 


The formation of lateral twin boundaries which intersect the (111) twinning 
planes along [011]. Fine parallel lines represent the fringes due to the 
twins. Thick full and thick dotted lines represent the intersection of 
the twins with the upper and lower surfaces of the nuclei. 
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nuclei containing the twins have different heights and coalesce on (111). 
Parts of the twin boundaries formed will intersect the twinning plane 
along [011]. These parts of the boundaries will probably be parallel to 
either the (111) or the (112) planes of the matrix. (The (111) plane of 
the matrix is parallel to the (511) plane of the twin. The (1 12) plane is 
common to the matrix and the twin.) This is because boundaries parallel 
to these planes seem to have low energy (Ellis and Treuting 1951, Matthews 
1962). Thin twins with these boundaries would appear to terminate 
along [011]. Numerous defects which were either twins or stacking 
faults and which appeared to terminate along (011) were observed in 
evaporated silver films by Phillips (1960). 

If a pair of nuclei met on (110), and a lateral twin boundary was formed, 
it would be parallel to (110). (The (110) plane is common to the twinned 
and untwinned lattices.) A thin twin which lay on (111) and was bounded 
on (110) would appear to terminate along [112]. Defects which were 
either thin twins or stacking faults and which terminated along (112) 
were observed by Phillips (1960). 

The predictions made in this sub-section would also apply to twins 
formed in metal nuclei by other mechanisms. 


5.4. The Arrangement of Twins on Different Twinning Planes 

The arrangements of sets of fringes observed in electron micrographs 
of evaporated films of gold, silver and copper have been described by 
Matthews (1959). These fringes were assumed to result from stacking 
faults, and arrangements of fringes thought to correspond to bent and 
abutting stacking faults were observed. Although some of the fringes 
may have been due to stacking faults (see $ 1 above) there were many 
that were due to twins. Defects like those described by Matthews, but 
which are composed of twins and not stacking faults, are expected from 
the coalescence mechanism of twin formation. In order to illustrate this 
we will consider the formation of a pair of twins which have different 
twinning planes and which share a lateral twin boundary. "This defect 


has two forms. z bw in i 1 
as forms. In one the angle between the {111} twin interfaces is 


acute (70*32') and in the other it is obtuse (180°-70° 32’). Examples 
of these two forms are present at A and B in fig. 13. The coalescence of 
five nuclei to give either form of the defect is drawn in fig. 14. A common 


coalescence sequence is as follows. B and C join A and move into twin 
orientation ; D and E then join B and C. (Examples of stages in this 
Sequence are present at C in figs. 6 and 7.) If both B and C (of fig. 14) 
join A in the manner illustrated on the right of fig. 8, then the nol 
between the {111} twin interfaces will be obtuse. Tt will also be obtuse 
if they join A in the manner illustrated on the left of fic. 8. If however 
B joins A in one of the ways illustrated in fig. Sand C joins A in the oth : 
then the angle between the twin interfaces will be acute. t a 
that the obtuse form made in this way 
acute one. Consider a well-aligned nv 


] It can be shown 
will be at least as common as the 
icleus with {111} facets and four 
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Fig. 13 


Dark-field micrograph of a complete gold film. A pair of adjacent 111 twin 
reflections passed through the objective aperture so that twins on two 
twinning planes are visible. 


Fig. 14 


[9 


The coalescence of five nuclei to form a pair of twins with a common lateral 
twin boundary. The boundary between B and C is not intended to be 
accurate. The form it will take is not easy to predict. 


boundaries parallel to the (1 10) directions in the film plane. (A in fig. 8 
is a nucleus of this type. The boundaries on its left and right sides are 
parallel to [110], and its boundaries above and below the plane of the 
paper are parallel to [110].) Each boundary may or may not have a 
twin attached to it. Suppose the probability of a particular boundary 
having no twin attached to it is p. The probability of it having a twin 
attached to it will then be 1— p. If all twins are formed by coalescence 
then 1 —p will be equal to the sum of two probabilities, q and r. qis the 
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probability of the twinning mechanism on the left of fig. 8 and r is he 
probability of the mechanism on the right. The three varieties of boundar y, 
arranged among four boundaries, give 81 possible configurations. The 
probability of each configuration can be expressed in terms of p, q and r. 
The 81 configurations contain the same number (72) of the acute and obtuse 
forms of the defect. The probabilities of the two forms are, however, 
not the same. The expected number of the obtuse form is 4(q? 4-1?) 
and that of the acute form is Sqr. (These are the same numbers as would 
be obtained if the configurations of all four corners were independent.) 
The obtuse form will therefore outnumber the acute one unless q —r. 
The ratio of the concentrations of the obtuse and acute forms is 
l(gr--r|q) : 1. The ratio of the concentrations of the two forms is thus 
uniquely determined by a number which is either q[r or its reciprocal. 
qir for the specimen in figs. 6 and 7 is either 671/419 or its reciprocal 
(see $4.2). One would therefore expect the obtuse form to outnumber 
the acute by 11:394 in the specimen of figs. 6 and 7. 

The relative concentrations of the obtuse and acute forms in the 
specimen of figs. 6 and 7 would probably be changed if silver were added to 
make it into a complete film. In $ 5.2 it was shown that twins formed as 
on the right of fig. 8 may or may not extend through the film (see fig. 10). 
It was suggested that the twins which did not extend through the film 
were unstable and would anneal out. Suppose that the fraction of twins, 
made as on the right of fig. 8, that survive the conversion to a complete 
filmiss. The ratio of the concentrations of the obtuse and acute forms in 
the complete film will then be $(q/rs+rs/q):1. The obtuse form will 
outnumber the acute one in a complete film unless g —7s. This prediction 
agrees with observation. In complete films it has been found (Matthews 
1959) that the obtuse form outnumbers the acute one by about 20%. 

The predictions of this subsection also apply to twins formed by Hall 
and Thompson’s mechanism. E 


5.5. Stacking Faults and Twins 


If stacking faults made by the coalescence mechanism suggested by 
F. C. Frank (see Matthews 1959) are present in evaporated iba then one 
would expect the films to contain defects composed partly of idi and 
partly of stacking faults. Suppose, for example, that coalescence 
occurred as in fig. 14, but that nucleus B was absent. We might then 


obtain a stacking fault between A and D which shared a boundary with 
the twin between A and E. 


5.6. The Rarity of Twins of Twins 

Twins of twins, which are not in the primary orientation, have not been 
etc! in evaporated films (Pashley 1956, Gottsche 1956, Kehoe 1957) 
The rarity of these orientations is not consistent with Menzer’s mechanism, 
or twin formation but it is expected from the mechanisms of Burbank 
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and Heidenreich and of Hall and Thompson. It is also expected if twins 
are formed by coalescence. The events required for coalescence to give 
a twin of a twin are as follows. A twin of the primary orientation must 
be formed and this twin must join a nucleus which rotates into the 
appropriate twin of twin orientation. An idea of the frequency with 
which this will oceur can be obtained from the number of nuclei and 
twins that are present at various stages of film growth. The number of 
silver nuclei per em? reaches a maximum value of about 2-2 x 10!* when 
the substrate temperature is 300*c (cf. Bassett and Pashley 1958-59). 
The highest density of twins that we have observed was 4x 101? per em?. 
Tf these maxima occurred at the same stage of film growth one might 
expect the concentration of twins of twins to be roughly 4/22 times that 
of twins. These maxima are however widely separated. The maximum 
density of nuclei is reached before the deposit is 204 thick (Bassett and 
Pashley 1955-59). The maximum number of twins were found in a 
deposit about 100A thick (cf. Kirchner and Cramer 1938 and Kehoe 1957). 
Thus. when the number of nuclei in approximately twin of twin orientations 
is high the number of twins for them to join is small. By the time the 
number of twins is high the number of appropriately oriented nuclei to 
join them is small. The density of twins of twins will therefore be much 
less than 4/22 times that of twins. 

The concentration of twins of twins will also be influenced by the details 


‘of the coalescence mechanism. If, for example, the probability of twin 


formation is small unless the nuclei meet approximately on the twinning 
plane, then the concentration of twins of twins will be smaller than was 
suggested by the argument given above. This is because the formation 
of the second twin will only be probable if the first twin has a (111j face 
parallel to the second twinning plane. The development of these faces 
is to some extent prevented by the nucleus to which the twin is attached, 
and they only appear when the deposit thickness is about 1204. Thus, 
few twins of twins would be formed in deposits less than 120 A in thickness. 
The number formed when the thickness is greater than 1204 will be limited 
by the rarity of suitably misaligned nuclei. 


§ 6. DISCUSSION 
6.1. The Dependence of the Alignment of Nuclei on their Size 

The fact that the volume of a twin is generally small compared with that 
of the nucleus to which it is attached suggests, as was mentioned in § 4.2, 
that it is the small nuclei which go into twin orientation. ‘This, in turn, 
suggests that the nuclei which are sufficiently misaligned to go into twin 
orientation are smaller than average. In order to test whether the small 
nuclei were less well aligned than the large ones we took two dark-field 
micrographs of a 75 Â gold deposit. In the first the 200 reflections from the 
aligned nuclei passed through the centre of the aperture in the back 
focal plane of the objective lens, and in the second the 200 reflections from 
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nuclei misaligned by between 6? and 24? passed through the aperture. 
The average diameters of the nuclei which appeared light in the two 
micrographs are as follows: 

Average diameter of nuclei misaligned by < 9? =250 A ; average diameter 
of nuclei misaligned by between 6° and 24°=187A. The large nuclei 
were thus better aligned than the small ones. 


6.2. The Observations of Gollsche and Kehoe 

Gottsche (1956) and Kehoe (1957) have made reflection electron 
diffraction studies of all stages in the growth of various face-centred cubic 
metals on rocksalt and other substrates. "They found that the alignment 
of deposits, prepared under conditions for epitaxy, was initially good 
but became worse as the deposit thickness increased. As a result of this 
deterioration, the complete films that they obtained were polycrystalline 
with a preferred orientation. "Their complete films were thus very different Í 
from those described earlier in this paper. We have, however, also 
prepared films in which there was a thickness gradient and whose thick 
ends were similar to the complete films of Gottsche and Kehoe. 


Fig. 15 


Diffraction patterns from small areas (2 u in diameter) of the thin and thick 
ends of a polycrystalline silver film in which there was a thickness 
gradient. ; | 


Figures 15 and 16 are diffraction patterns obtained from the thin and 
thick ends of one of these specimens. It is clear that the orientation of the 
deposit improved as its thickness increased. It is perhaps possible that l 
the deterioration in alignment observed by Gottsche and Kehoe is | 
explained by the small penetration of reflected electrons. Deanom | 


which contribute to reflection diffraction patterns penetrate only the upper 
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that most of the electrons will be reflected by the upper parts of the large 
nuclei. The shadows cast by the large nuclei will allow only a few 
electrons to reach the small ones. The large nuclei will therefore have a 
much greater influence on the reflection diffraction pattern than will the 
small ones. If the sharp spots in fig. 15 came from the large nuclei 
and the rings from the small ones, then the reflection diffraction pattern 
from the thin end of the specimen might consist of spots only. The | 
reflection diffraction pattern from the thick end would be similar to fig. 16. | 
This is because almost all the grains in the thick end extend through the i 
film and so would contribute to the reflection pattern as well as to the 
| transmission pattern. Thus, reflection electron diffraction might show 
| a deterioration in the alignment of the specimen of figs 15 and 16, when the 
reverse is what actually took place. 


104 of the specimen surface (Pashley 1956, Kehoe 1957). This means 


Fig. 16 


Diffraction patterns from small areas (2 p in diameter) of the thin ue m 
f ends of a polycrystalline silver film in which there was a thickness 


gradient. 


6.3. The Improvement in the Alignment of Deposits as their Thickness 
Increases 

Bassett (1960) has observed an isolated silver nucleus to a its 

i i is ki robably lead to an 
orientation on the substrate. Changes of this kind DE edt p 
improvement in alignment of deposits. Alignment will also be MA e 
by coalescence. When a pair of nuclei coalesce the smaller of the à o 
| will rotate and become either parallel to, or in twin relationship p the 
larger. Thus the alignment of a deposit will become that of the n 
nuclei and their twins. As the large nuclei are better aligned than the 
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small ones this will lead not only to twins but also to an improvement 
in alignment. 
Figures 2 and 3 and 15 and 16 show that the alignment processes are 
sometimes able to produce a single erystal and are sometimes not. The 


Fig. 17 


m — A un 


Micrograph of an incoherent portion of a silver film. The thick end of the 
film was a single erystal. Magnification 110 000 x . 


Fig. 18 


p : =. = 
H 47.9 vm 


Micrograph of part of the specimen which gave the patterns in figs. 15 and 16. 
It shows a region of intermediate thickness. Arrows indicate some of the 
polycrystalline nuclei. Magnification 110 000 x. 
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difference between these two cases seems to be that in the first a rotation 
into parallel or twin alignment always takes place shortly after coalescence, 
and in the second this rotation does not invariably occur. This is shown 
by figs. 17 and 18. Figure 17 is a micrograph of an incoherent part of a 
silver deposit whose thick end was a single crystal. Many of the nuclei 
in this figure contain twins but only the arrowed one contains a grain 
boundary. This boundary would disappear if more silver were added. 
Figure 18 is a micrograph of an area of the specimen which gave figs. 
15 and 16. Many nuclei in this micrograph are polycrystalline although 
their outlines indicate that the grain boundaries they contain were formed 
long before silver deposition ceased. 

! 


6.4. A Mechanism for the Formation of the {112} Orientation 
Gottsche and Kehoe detected the following orientation in evaporated 
metal films : i 
(112) metal parallel to (001) NaCl, i 
[110] metal parallel to [110] NaCl. j 
This orientation appeared at the same stage of film growth as did the twins | 
and it is probable that it is also formed by a coalescence mechanism. 
Gottsche has pointed out that the (110) plane of the (112) orientation is 
parallel to the (111) plane of the primary orientation. Ifa (l 10)-(111) 
grain boundary has exceptionally low energy then a nucleus in approxi- 
mately a {112} orientation might meet a well-aligned neighbour and rotate 
into precisely {112} relationship to it. 


Fig. 19 


o 


< 


eH ie p* 
Parte. a 
o > 


oeo 


Diagram of a f110)-(111) grain boundary. Filled circles pape nom n 
a 110}, and open circles represent atoms in {111}. The numbers ine ie e 
the five ways in which the close-packed rows in {110} can be stacked on 


(111). 
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The way in which atoms may be arranged in a (110]-(111j boundary 
does suggest that it may have low energy. The misfit is zero along the 
(110) direction common to the two orientations. It is about 2% along 
the direction at right angles to this if the repeat distance is 5a (a =unit 
cell edge). This is illustrated in fig. 19. Figure 19 has been drawn with 


zero misfit for clarity. 


6.5. Twins in Deposits of Silver on Mica 

Pashley (1956, 1959) has studied all stages in the growth of silver on 
muscovite mica. He found that in the very early stages of growth there 
were some well aligned nuclei and others which were randomly oriented. 
Twins whose twinning planes were inclined to the deposit plane appeared 
early in film growth and the alignment of the deposit improved as its 
thickness increased. It has also been shown (Matthews 1960) that the 
large nuclei in silver/mica specimens are better aligned than the small | 
ones. 

Thus, the features of the growth of silver on rocksalt which are impor- 
tant for the formation of ‘ coalescence ' twins are present during the growth 
of silver on mica. This suggests that the twins in silver/mica specimens 
whose twinning planes are inclined to the film plane may have been 
formed by coalescence. 
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ABSTRACT 


The discrepancy between the calculated value of tho free energy of vacancy 
formation in solid argon and that obtained from an analysis of specific heat 
measurements, as established recently by Foreman and Lidiard, is interpreted 
in terms of three-body contributions on the basis of the theory developed by 
this author and Zimering to oxplain the absolute stability of the face-centred 
cubie configurations of crystals of the heavy rare gas atoms. It is shown 
that the vacancy-energy deviation from the pair-potential value agrees in sign 
and magnitude with predictions resulting from the three-body theory. 


Aw ultimate problem in solid-state theory concerns the explanation of the 
absolute stability of a given substance or, as the case may be, the inter- 
pretation of polymorphie transitions between different crystal structures 
exhibited by one and the same chemical compound. Since the pioneering 
work by Born et al. (1940-44) on the mechanical stability of crystals, 
progress towards this goal has been slow. 

One of the principal reasons for this stagnation has been that, even for 
the simplest classes of solids, namely, those of the rare gas atoms and of the 
alkali halides, the stability problem turned out to be of puzzling complexity. 
For the rare gas solids we can, on good grounds, eliminate all configurations 
except the two of closest packing : face-centred cubic (f.c.c.) and hexagonal 
close-packed (h.c.p.), whereas for the alkali halides the principal choice is 
between the NaCl and CsCl structures. 

Of these two classes of solids, that of the rare gas atoms has attracted 
the most attention in the literature (see Jansen (1962, 1963) for a detailed 
diseussion and references). The outcome of investigations assuming 
pair-potentials between rare gas atoms has invariably been that all rare 
gas species should crystallize in the h.c.p. lattice, whereas, experimentally, 
lonly with solid helium. The problem concerning 


this configuration is founc 1 ir 
the alkali halides has been discussed in detail by Born and Huang (1954) 


and, recently, by Tosi and Fumi (1962). Here, calculations with pair 
potentials, i.e. with structure-independent interactions between the ions, 
have shown that the NaCl structure (two interpenetrating f.c.c. lattices) 


T This research has been made possible through the support and sponsorship 
of the U.S. Department of Army, through its European Research Office. 
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should be more stable than the CsCl lattice (two interpenetrating simple- 
eubie configurations) at normal pressures. 

Since the alkali halide ions are isoelectronic with the rare gas atoms one 
might expect a common cause for these two types of deviations. For the 
rare gas solids there have been several attempts to explain the stability 
of the f.c.c. structure in terms of three-body contributions to the static 
crystal field. Such many-body effects are usually omitted for these mole- 
cular erystals on the expectation that, due to the high stability of closed- 
shell electron configurations, these contributions can at most be of high 
perturbation order (starting from third order), or that they can play a 
significant role only at very small interatomic distances. 

Recent first and second-order perturbation calculations of three-body 
exchange interactions between atoms of the heavy rare gases (Jansen 1962, 
1963) indicate, however, that these contributions are not negligible in rare 
gas solids. Moreover, the combined effect of first and second orders is 
unambiguously in favour of the f.c.c. configuration for solids of the heavy 
rare gas atoms]. 

Although the stability of the f.c.c. configuration of rare gas solids can 
thus be explained in terms of three-body interactions, it appears essential 
to look for independent evidence for the existence of such components of 
the interatomie field from different sources. Global (or bulk) properties 
of scalar (isotropic) character are in principle not well suited for such an 
analysis since their functional dependence on local properties, like three- 
body components of the crystal field, is too implicit, unless these properties 
can be accurately analysed for two different states of the same compound, 
e.g. two different crystal structures, or the solid and gaseous states. This 
applies, for example, to the cohesive energy itself. or to the Debye char- 
acteristic temperature of the solid. Specifically the information on mole- 
cular interactions from low-pressure data on gases (second virial coefficients) 
is not sufficiently accurate to discern many-body components of the crystal 
field from a comparison with the observed cohesive energy; we refer 
to Hirschfelder ef al. (1954) for a detailed discussion. On the other hand, 
tensor properties of solids aresensitive functions of many-body components ; 
e.g. violation of the Cauchy relations for the elastic constants could indicate 
the existence of such interactions. Accurate information on elastic coeffi- 
cients of rare gas solids is, however, not available at this time. 

The most direct source of information regarding many-body interactions 
lies in the analysis of local properties of a solid. A very striking example of 
such an analysis has recently been given by Foreman and Lidiard (1963), 
who determined the free energy of formation of a vacancy in solid argon. 
We will here summarize the results of their analysis and attempt to interpret 


mined primarily by the ratio between atomic dimension and lattice spacing. 
This ratio is for solid helium very much smaller than that for the other rare gas 


T The effect is of no importance for the stability of solid helium; it is deter- | 
solids. | 
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these results on the basis of three-body interactions in solid argon, of the 
type discussed above. 

Flubacher et al. (1961) and Beaumont et al. (1961) have measured accu- 
rately the specific heat Cy of solid argon (and krypton) from liquid helium 
temperatures up to their melting points. By using data on thermal 
expansion and compressibility (Dobbs and Jones 1957) the specific heat at 
constant volume, Cy, can be calculated. It appears that these curves rise 
sharply in the neighbourhood of the melting point of argon, which pheno- 
menon is caused by the formation of vacancies. It is then possible to 
calculate the free energy of vacancy formation, if reliable estimates of the 
specific heat in the solid without vacancies C,9, can be made. 

Such an estimate was undertaken by Beaumont et al.; their procedure 
has been re-examined and refined by Foreman and Lidiard (1963) who 
caleulated the specific heat of the solid without vacancies by carrying 
out a lattice dynamical calculation using the anharmonic Einstein model. 
The values for the energy of vacancy formation, obtained in this way, 
were then compared with theoretical results by Nardelli and Chiarotti 
(1960) based on two-body interactions between the atoms. It appears 
that the theoretical value for the energy of vacancy formation is larger, by 
a factor of approximately 1-7, than that calculated by Beaumont ef al. 
and by Foreman and Lidiard on the basis of their estimates for C,9. After 
careful analysis Foreman and Lidiard concludes that the discrepancy may 
be due to the effect of three-body components of the interaction energy. 
This deviation will now be interpreted in terms of three-body interactions 
between argon atoms in the solids; the following analysis applies for the 
static lattice energy. 

In the two-body analysis by Nardelli and Chiarotti we may replace the 
energy of vacancy formation in solid argon by the cohesive energy per atom 
calculated on the basis of pair-potentials, since the theory predicts very 
little relaxation of the atoms around a vacancy. We denote, following 
Foreman and Lidiard, the energy of interaction for a pair of nearest 
neighbours in the solid by B; the cohesive energy per atom is then 6p, if 
we consider only nearest-neighbour interactions. However, since van 
der Waals forces are of relatively long range, this approximation is somewhat 
too crude for our purposes. 

On the basis of a Lennard-Jones (6, 12) potential : 

B(R)=4e((o/R)? — (| )9) uu) 
where É(c)—0; Émin- —€ for R= R= 216g, we obtain, if we substitute 
R, as an approximate value for the nearest-neighbour distance in the 
lattice (i.e. we take B > — €); 

Beonr=2e(OulolR)2—C(e/R)] =. . - - (2) 
for the pair-cohesive energy per atom. . 

In this expression C,, and C, are lattice sums for the f.c.c. structure ; 

their values are given, e.g. by Hirschfelder et al. (1954) : 
C5 12:11388; C, = 14-45392. 


452 
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Tf we substitute these values into (2), and note that (e| Ry 3 9 4. (1 9)6— i, 
we obtain Feon = —8:38798 € for the pair-cohesive energy per atom. 
Tn our analysis we have assumed that B a; — e, so that we take 8-48 as an 
approximate value for this pair-cohesive energy. 

The value for the cohesive energy will change if we take three-body 
interactions into account. To analyse this change we note that the three- 
body effect considered here is of exchange type and, therefore, of short 
range. Consequently, we will only include three-body components refer- 
ring to triangular configurations of atoms of which two are nearest neigh- 
boursofthethirdatom. Inthe f.c.c. lattice, where each atom is surrounded 
by 12 nearest neighbours, we count 66 of such triangles, which can be 
classified by means of the angle 0 between the two sides originating at the 
central atom. There are 24 triangles with @= 60° (equiliateral triangles), 
12 with 0=90°, 24 with 9=120° and 6 with @=180°. The three-body 
component for a triangle specified by 0 will be denoted by A,; this value 
gives the difference between the complete interaction of the three atoms on 
the triangle and that of the three isolated pairs of atoms. 

The cohesive energy per atom, corrected for three-body interactions, is 


then: à A 
Fia = 848 + 80+ 4Ag9 + 8A} 99 + 2Ajg0- 2) 


On the other hand, the energy of vacancy formation, Zyac, is readily found 
to be, to the same approximation : 
"vac = 8:48 for pair-potentials only ; 

Hiya = 8:48 + 16A, + 8Ago-F 16A ,55-F 4A 50 ; j 
the latter equation is the vacancy energy corrected for three-body inter- 
actions. It should be noted that no correction has been made for the 
elastic relaxation energy around a vacancy. A recent analysis by Foreman 
(1963) shows that the three-body interactions do give rise to appreciable 
relaxation effects, but the associated relaxation energy is only of the order 
of a few percent of the vacancy energy given by (4). : 

Values of A, for different angles 0 have been determined by perturbation 
theory in first and second orders (Jansen 1962, 1963, J ansen and Zimering 

> a 2 Y S i $ 

1963), using a Gaussian effective-electron model with a charge distribution 

preesse s M 
where 7 is the distance from the effective electron to its nucleus and Eee 
yisa parameter which measures the width of the distribution. Itis oils 
to determine the values of y empirically by calculating van dm W Bae 
interactions between two such Gaussian atoms and equating the result i 
is d active part of an empirical potential function (Jansen and MeGinnies 

J90). 

The use of this relatively crude model for the analysis of the stability 
problem for heavy rare gas crystals may be justified as follows W. e 
that stability of the cubic configuration is a phenomenon common to solid 
neon, argon, krypton and xenon. Consequently, this stability car s 
depend sensitively on the preeise analytie form of the wave ipn uo 


these atoms but it can, primarily, be a function only of some general 
genera 
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parameters characterizing the electron charge distribution in these atoms. 
A choice of these parameters can be made from the analysis of the problem 
forsolid neon alone, since neon crystallizes already in the cubic configuration. 

It appears that for first and second-order interactions between neon 
atoms multiple exchange of electron pairs between the same pair of atoms 
gives a negligible contribution as long as the distance is not much smaller 
than that between nearest neighbours in the solid. In addition coupling | 
between inter and intra-atomic exchange can then be neglected (Jansen 
and MacGinnies 1956). Weare left with a sum (average) of single-exchange 
contributions between the different atoms; this sum is replaced by the 
interaction between effective electrons, one on each atom, with a charge 
distribution given by (5). The only parameter appearing in this expression 
isy; then the dimensionless parameter yR, where Ris the nearest-neighbour 
distance in the solid, must determine the stability of the cubie configuration 
for the heavy rare gas solids. | 

A test for the validity of this Gaussian modelis that values of y, determined 
by fitting both the long-range and short-range parts of the interaction 
between neon atoms from empirical expressions, must be approximatively 
the same. This constancy of y applies indeed (Jansen 1962) ; for the other 
rare gas atoms argon, krypton and xenon y appears to increase somewhat 
with decreasing interatomic separation. 

We denote the total first-order interactions of three atoms on a triangle 
by Æ, the sum of three pair-interactions by #, in first order, and their 
difference (three-body component) by AE, = E, — Ju9. The corresponding 
quantities in second order of perturbation theory are denoted by By, AS) 
and A#,=E,—H,. The total relative three-body effect is then 
(AE, + AE,) (BO +H). ; 

This expression can be simplified by noting that for the types of triangles 
considered we have very nearly #0 = — 2g. It follows then that 


(AE, AE, AB, | 4 Alls Eres (B) 


BO+ BO ~ END) ia EO’ 
so that the total relative effect can be computed if th 
first and second orders are known separately. 

The relative first-order effect, AE,LE,Q, for solid argon has he following 
0 dependence: at §=60° (equilateral triangle) it is —20%, Meu 
rapidly and practically linearly with 0, passes through Zero, AU eam 
mately 0— 110? and flattens off very markedly at Bete). Romaine 
practically constant until the maximum value is 180 (iaces QE 
array ofatoms). For the range of 0 between 120° and 180° a value ofnearly 


+4% is found. 
ae relative second-order effect, AE, |, shows very nearly the same 
behaviour as AE,/[E,9. For solid argon it starts] at — 16% for 0— 60^, 
: 'eported earlier is in error; this difference 
f —20% for 0— 60^ reported earlier is in error; | m 
pot an. sation upper limit for some of the integrals. Tho 
present value of — 16% is in all probability close to the correct one. 


e relative effects in 
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crosses the axis at a 0-value slightly less than 110°, flattens off strongly at 
0— 120? and remains again nearly constant after that. This latter part of 
the curve lies at about +5% above the axis. 

For the resultant curve, — AE,[E,9 + 2AE,/E,9, we then obtain — 12% 
at 0—60?, —4% at 6=90° and +6% between 0—120? and @=180°. 
Finally, we express all values of A, in terms of the total pair-interaction, 
38. for the equilateral triangle. The following values are then obtained 
for a Lennard-Jones (6, 12) potential : 

Ago= — 0°12(38) ; jon = + 0-06(0-691)(38) 
Ag = — 0-04(0-745)(38)3 Aygo = + 0:06(0-677)(3B). 
We now find, for the cohesive energy per atom corrected for three-body 
interactions (eqn. (3)). 
Eaux = 8:4B(1 — 0:238), 
implying that the three-body effect decreases the cohesive energy per atom by 
approximately 23%. On the other hand, we obtain for the energy of 
vacancy formation, again corrected for three-body interactions (eqn. (4)), 
Eyac =8-4B(1 — 0:476), 
which means that the energy of formation of a vacancy in solid argon is 
smaller than the cohesive energy per atom (counted positive) by approxima- 
tely 47%. For the ratio of pair-cohesive energy and energy of vacancy 
formation we find the value 1/(1 —0-4768) = 1-9, in substantial agreement 
with the result of the analysis of Foreman and Lidiard. Finally, for the 
ratio of total cohesive energy per atom and vacancy energy, both corrected 
for three-body interactions, we find 1-45, whereas the pair-potential theory 
would give a value (very close to) one. 

It appears, therefore, that the three-body theory can give a quantitative 
explanation for the difference between the cohesive energy per atom and the 
energy of vacancy formation in solid argon. Similar effects may also be 
expected for the other rare gas solids. To further substantiate the theory 
it would be desirable to also possess accurate data on other properties of 
these solids, in particular, on their elastic constants. 
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ABSTRACT 


The influence of neutron irradiation, from dose levels of l-0x 10'% to 
0-97 x 101 nvt, on the strain rate dependence of the flow stress in copper 
single crystals has been investigated at 77°K and 300°K. An analysis of this 
dependence shows that the activation energy for dislocations cutting 
obstacles introduced by the irradiation decreases with decreasing testing 
temperature and inereasing neutron dose. Thus, a unique activation energy 
cannot be assigned to the process. This result is explained on the basis of 
variations in both the size and the density of the obstacles. 


$1. INTRODUCTION 


ALTHOUGH the temperature dependence of the flow stress in neutron 
irradiated f.c.c. single crystals, notably copper, has been rather extensively 
investigated (Blewitt et al. 1960, Diehl 1962, Fischer 1962), only a few 
observations have been reported for the strain rate dependence of the 
flow stress in these crystals (Diehl 1962, Fischer 1962). If the flow stress 
of a crystal is temperature dependent, studies with the strain rate depen- 
dence should also be of use in establishing the nature of the thermally 
activated process. . 

For dislocations moving through a lattice containing obstacles intro- 
duced by neutron irradiation, the strain rate, é, may be expressed by 


the relationship (Seeger 1958): 
e eU 0 


PONES pm 

where b is the Burgers vector, N the number of dislocations per unit 
volume held up at obstacles, N, the number of obstacles per unit area, 
vp the vibrational frequency of the dislocations against the obstacles, 
and U(r) the activation energy for the process in the presence of the 
Differentiating eqn. (1) with respect to 7, we obtain: 

Cn E e. (9 

dr kT dr 

Thus, the main feature of a theory for the influence of neutron irradiation 
on the flow stress of crystals is an evaluation of U(r). With the use of 


applied stress 7. 


Seeger's (1958) model for U(r), one obtains (Diehl 1962) : 
dU 2n yl =y)? 
UC) -u Y, 5 A 5s 5 ` s (3) 
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where U, is the activation energy in the absence of an applied stress, and 
y is [7/7(0)]®/3; 7(0) is the flow stress at 0°K. Combining eqns. (2) and (3): 
Ua ee eS eee 
2y(1—y)"? dr 
By experimentally measuring the strain rate dependence of the flow stress, 
dz/d ln é, Uo can be calculated. i 
Makin and Minter (1960) examined the strength of neutron irradiated 
polycrystalline copper, and they found that Seeger’s model for U(r) could 
not describe their results on the temperature dependence of the yield 
stress following mild annealing. They suggested the expression: 
s T 
OA E | sm are eet) 
U= 1- | (5) 
Differentiating eqn. (5) with respect to 7 and substituting into eqn. (2) 
yields an activation energy of 
d\n € 
dr 


U= —kTc(0) Eee i-us 0) 


which can also be determined from the strain rate dependence of the flow 
Stress. 

In the present investigation the strain rate dependence of the flow 
Stress has been measured in neutron irradiated copper single crystals, 
and activation energies calculated from eqns. (4) and (6). 


$2. EXPERIMENTAL PROCEDURE 

Copper single crystals of 99:999% purity were grown from the melt 
in a split graphite mould under dynamic vacuum, annealed at 1000°0 for 
20-24 hours, and neutron irradiated with fast neutrons in the Argonne 
CP-5 reactor at an irradiation temperature of about 6090. 

Tensile testing was performed with an Instron testing machine. The 
strain rate dependence of the flow stress was measured at 77°K and 300°x 
by T changing the cross-head Speed (strain rate) and 
measuring the subsequent change in flow stress. For a gi i i 
strain rate the change in flow EO was generally e dun d 
except for ehanges in the flow stress of less than 10 g/mm? Sio dio 


: Ney , where the 
experimental variation was about + 20%. 


$3. RESULTS 
The change in flow stress, T4-74: associated with a given change in 

strain rate from é; to ês, where é,> é,, was measured as a function of 
strain at 77K in a Cu single crystal irradiated to 0-97 x 1019 nvt. In 
this case the strain rate was varied between €1—4:2 x 10-9 sec! and 
2 4.2 reall : ni 
ép=42 x 10-1 sec. The results showed that T.-T,, 18 independent 
(within experimental accuracy) of strain during the initial stage of deforma- 
tion where'a Lüders band is i ^ : 

propagating through the gauge length; this 
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stage is sometimes referred to as the * easy-glide’ region. After reaching 
the linear hardening stage, r,—7, decreases markedly. Figure 1 illus- 
trates this feature; during the Lüders band propagation stage, v, —r,, was 
about 320 g/mm?, while a value of about 120 g/mm? is observed shortly 
after linear hardening begins. All subsequent results reported here were 
measured during the Liiders band propagation since dislocations are 
moving into essentially undeformed material in this stage. Thus, only the 
effective resistance of the obstacles introduced by the irradiation should | 
be measured. In the linear hardening stage, the resistance is also a | 
measure of dislocation interaction with other dislocations (Kuhlmann- | 
Wilsdorf 1962). 


Fig. 1 


o 
a 


o 
[e] 


© 
a 


o 
o 


SHEAR STRESS, kg/mm? 
@ 


SHEAR STRAIN 


The effect of strain rate on the flow stress of a Cu single crystal irradiated to 
0:97 x 101? nvt and tested at 77°K. 


In another preliminary experiment, 7,-7;, Was measured as a mop enon 
of é, with é,—4:2x10-5sec-!. This was done at 300 K with a crystal 
irradiated to 0:94 x 1018 nvt. The results are shown in fig. 2 with the 
data brackets reflecting the experimental accuracy previously EX | 
7,—7,, is seen to increase linearly with lu (65/64); a unique value 2d the | 
slope of the curve, dr/dln é, can be then used with eqns. (4) and (6). | 
This linearity has also been reported by Fischer (1962) for e copper single | 
crystal neutron irradiated to 7:6 x 10” nvt and tested at 90°K. | 

The results of the dz/dlné determinations, which Were made for | 
€,/é,=10 with é;—42x 10-5 sec-1, at 77°K and 300?k are listed in the 


table. 
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Te ,gm/mm? 


2 


Te 


The change in flow stress Te — Te, versus In é,/é, for a Cu single crystal irradiated 
to 0:94 x 10" nvt and tested at 300°x. 


Activation energies were calculated by eqns. (4) and (6) using 7(0) 
values from the data of Blewitt et al. (1960). These values of U, are shown 
in figs. 3 and 4 for results obtained by eqns. (1) and (6), respectively; 
fig. 3 also shows U, values reported by Diehl (1962) and Fischer (1962) 


dz[d ln é, g/mm? 


Neutron dose, nvt 


Annealed 0:87 0-76 
1:0 x 1015 2-6 1:7 
1-0 x 1018 6-1 4:3 
1-4 x 1017 13 12 
0-94 x 1018 39 30 


0-97 x 1019 100 118 


using Seeger's model. The brackets of the data again reflect the experi- 
mental variations in the dz/dln é measurements. Independent of the 
model used to calculate U,, two important features are evident. First, 
the value of U, at 300°K is roughly three to four times that at 77°K. 
Secondly, U, decreases with increasing neutron dose at both temperatures. 
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$4. Discussion 


Seeger’s (1958) theory for the flow stress of neutron irradiated crystals 
assumes a unique activation energy for the dislocation cutting of obstacles 
introduced by the irradiation. Since U,— U,(T), a discrepancy exists 
between the experimental behaviour and that predicted theoretically. 
Makin and Minter (1960) investigated the strength of neutron irradiated 
polycrystalline copper, and also concluded that Uo was not constant. 
These authors concluded that a spectrum of defect sizes was present, and 
thus a spectrum of activation energies would be observed. Makin et al. 
(1962) later made size spectrum measurements of the defects in neutron 
irradiated polycrystalline copper and observed that the density of defects 
decreased with increasing defect size. Following a suggestion by Makin 
(private communication), this feature of a variation in defect size can be 
used to explain the temperature dependence of Ug with the aid of fig. 5. 


Fig. 3 

10 

9 
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w 
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> 
£ 
m G 
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2 
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BIENES. 133 | K) x 


FISCHER(T=90°K) 
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xos Ixo — 1x0" 1X0 1xio'* 


NEUTRON DOSE,nvt 


Activation energy by eqn. (4) versus neutron dose in irradiated Cu single 

x crystals. 

The exact shape of the activation energy-defect size curve shown in 
m . 19 ACT . ‘ Q s ne 

fig. 5 is not known, but this will not affect the present Rina long 

as the assumption is made that the activation energy Increases In some 

manner with defect size. Based upon the previous work of Makin and 
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Minter (1960) and Makin et al. (1962), this appears to be a valid assump- 
tion. In fig. 5, let us assume that at some low temperature, T, thermal 
energy alone is sufficient to move dislocations through defects with a size, 
S, smaller than S,. Thus, all defects for which SSS, are obstacles at T, 
and the observed activation energy is not U,, but rather a larger, average 
value based upon obstacles for which SSS. At another temperature 
T, where 7T',» Ty, defects smaller than size S, are transparent, and the 
observed activation energy is greater than U,. To summarize, therefore, 
a lower activation energy is observed at lower temperatures because the 
average effective size of the obstacles is smaller. Returning to fig. 2, 
it now appears surprising that a constant dz/dln é value is observed, 
since increasing the strain rate should have the same effect as lowering 


Fig. 4 


se pem 


300*K 


ACTIVATION ENERGY, eV 


1X10 1xio'*— ixio" — 1xipg'? 1X10 


NEUTRON DOSE,nvt 


Activation energy obtained by eqn. (6) versus neutron dose in irradiated 
Cu single erystals. 

the testing temperature. Evidently the range of strain rates used here is 

small enough and the experimental variations in Te T, large enough E 

that possible deviations from the constant slope observed in fig. 2 emi 

be detected. In the course of this investigation, dr/d In e was also 

measured in crystals irradiated to 0:98 x 102° nvt and dr/d In € was found 


to be dependent upon éj/é,. For this reason, th ; 
: ' 9/€3- Nis son, the data for tk 
not been included in this report. E hae 
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The decrease in activation energy with neutron dose noted in figs. 3 
and 4 can also be explained with the results of Makin et al. (1962). In 
addition to the variation in defect size already discussed, these researchers 
observed that the density of defects in each size category increases with 
increasing neutron dose. As the distance between defects decreases, 

Fi 


g.5 


x 


ACTIVATION ENERGY —— 


DEBECISESIZES = 


Schematic variation of activation energy versus defect size. 


the size of the defects which are transparent from thermal energy con- 
siderations should also decrease. Assuming that Nz is directly propor- 
tional to the neutron dose, ¢ (Seeger 1958, Makin et al. 1962), eqn. (1) can 
be expressed as: 

U(r)=Alog¢d+B, . .....-.. (7) 


where A and B are independent of $. U(r) values at 300°x, which were 
calculated with the use of the U, data and eqn. (5), are shown versus 
log ¢ in fig. 4, and a straight line is observed, confirming eqn. (7). U(r) is 
that portion of Uo supplied by thermal energy, and since U(r) decreases 
with an increasing ¢, the effective size of the defect which acts as an 
obstacle also decreases as $ increases. Makin and Minter (1960) also 
concluded that U, decreases as the dose increases in neutron irradiated 
polycrystalline copper. 

From the above discussions, it becomes apparent that the observed 
activation energies are effective energies and do not correspond to the 
energy barrier of a specific defect size. Thus, these types of measurements 
are of only qualitative use in determining the nature of radiation damage. 

Finally, let us consider another feature of Seeger’s theory for the flow 
stress of neutron irradiated crystals. From this theory, the flow stress 
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should be related to the neutron dose by the relationship (Seeger 1958, 
Makin and Minter 1960): 
7=C [1—exp (— D9)] ^, XE e cu 


where C and D are independent of ġ. However, the values of 7 obtained 
in the present investigation fit an equation of the type: 
PEI tse ec s. (QU 


where # and F are independent of ¢. The relationship given by eqn. (9) 
has also been observed by Blewitt et al. (1960), and Young (1962). These 
two investigations, along with the present data, substantiate the $1/* 
dose dependence in the range of 1x 107? <¢<1x 10? nvt. Thus, this 
dose dependence appears to be a fundamental, but strictly empirical, 
observation which remains to be explained. 


§ 5. CONCLUSIONS 

The main conclusion of this investigation is that an application of 
Seeger's theory for the strength of neutron irradiated crystals to the strain 
rate dependence of neutron irradiated copper single crystals does not yield 
a unique activation energy, as assumed in the development of the theory. 
Because of this, it should be emphasized that the activation energies 
calculated from the theory have no real physical meaning since the theory 
has not been substantiated. The experimental results suggest that the 
theory needs to be modified to account for the size spectrum of defects, 
and the neutron dose dependence of the spectrum. 
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ABSTRACT 


Relaxation strains between 2 x 1075 and 10-4 have been observed in iron, 
high carbon steel, stainless steel and zirconium, after fast neutron doses 
between 2x10!? and 3x10?" em-?, at stresses betweon 1 and 3 kg mm-?, 
and at temperatures about one-fifth of tho melting temperature. In iron, 
the relaxation appears complete at a neutron dose of 2 x 10!? em-?, and its 
lack of temperature dependence indicates that it is not an acceleration of 
thermal creep. In the steels, correlation with other results shows that the 
relaxation is proportional to stress. 

Vacancies and interstitials created by irradiation give rise to a chemical 
stress on dislocations. Dislocation climb under this stress, the external 
stress, and the line tension of the dislocations gives a final creep strain which 
is independent of temperature and proportional to stress. For tho stressos 
used here, a final strain of 5x 10-5 is predicted in a material containing a 
random array of dislocations. The order of magnitude of the calculated 
initial strain rate is also correct. 


$1. INTRODUCTION 


A flux of damaging neutrons may affect creep in two ways: by accelerating 
or retarding thermal creep, or by producing additional ereep which is 
independent of thermal creep. These possibilities may be written: 


é€=€thermal [1 + F'3($, ete.)] us Ee c) 
and 

€ — €thermal + Fs(9, eto.), REDE IER IECIT (2) 
where é is the strain rate, and F is a function of the damaging flux ¢ 
and probably other variables. Neither possibility excludes the other. 
Existence of the second cannot be excluded a priori, and this has two 
important consequences. Firstly, it prohibits creep tests at exaggerated 
rates of strain; if a creep rate of 10-? hr- is technically important, a 
null result from an experiment conducted at 1075 hr7* is inconclusive. 
Secondly, it makes impossible the assumption that irradiation creep can 
be prevented by using materials in which there is a small thermal creep 
rate. : 

Most irradiation creep experiments on non-fissile metals have been 
designed to detect an effect of the first type, and a comprehensive review 
of these is given by Billington and Crawford (1961). The results 
are conflicting, and because strain measurement and close control of 
temperature are made exceedingly difficult by gamma heating, it is 


P.M. 4T 
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doubtful if at present they represent more than experimental error. 
Such results are to be expected since the prediction of an acceleration 
of thermal creep (Schoeck 1958) is fallacious. This fallacy has been 
discussed in detail by Mosedale (1962). 

The present experimental method is more suited to detecting irradiation 
ereep of the second type. Similar recent experiments (Baines et al. 
1960, private communication, Dubrovin e al. 1962, Joseph 1959, private 
communieation, Mehan 1959, Platonov 1962) are diseussed, and an 
explanation given which is based on the climb of dislocations during 
irradiation. Climb is made possible by the vacancies and interstitials 
produced by irradiation, and is controlled by three factors, the external 
stress, the line tension of the dislocations and the chemical stress 
resulting from concentrations of vacancies and interstitials in excess 
of the thermal equilibrium values. 


$23. EXPERIMENTAL METHOD 

A skin strain of 4x 10-!, initially all elastic strain, is placed in the 
specimens and maintained by clamps. During neutron irradiation some 
elastic strain becomes plastic strain. After irradiation the clamps are 
removed and the elastic strain disappears. The plastic strain remains 
and is measured. 

A specimen consists of two rods, each 25 in. long and jin. diameter, 
placed side by side, and having one pair of ends welded together into a 
stainless steel disc. A torsional strain is placed in the specimen by 
rotation of the other pair of ends, in opposite senses, about the axis of 
each rod. ‘These ends are then clamped, and the specimen supported by 
the clamp. After irradiation, the plastic strain is measured, photo- 
graphically, from the rotation remaining at these ends when unclamped. 
The accuracy of strain measurement is +3x10-§. The methods of 
straining and of strain measurement avoid thermal expansion and linear 
errors. The only thermal stresses are hoop stresses arising from the 
gamma heating, and these are caleulated to be less than 1% ai de applied 
stress. This simplicity of apparatus is an advantage in eaer E. 
ments, which are necessarily very different from creep AE in 
the laboratory. m 

a : ; : 

NU the Dowsreny Materials Testing Rid NER EDT ET 
) y Materials Testing ctor. In an atmosphere 
of helium, the measured specimen temperatures are between 150?c and 
550°c, depending on the power at which the reactor is operated and the 
radius of the co-axial aluminium heat sink which dissipates gamma heat 
from the specimens to the reactor D,O. Reactor ambient (oup 

is ) onni by immersing specimens directly in the reactor D,O. 
T. uec ue "c e E is between 3 and 
. de g he facility used. At the top of the 


specimen the flux is one-third that at the centre 
j and at tl - 
i e he bottom one 
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In eomparative laboratory experiments, gamma heating is simulated 
by an electrical heater placed along the axis of the group of three speci- 
mens. The temperature distribution is the same as that in the reactor. 


$3. RESULTS 
3.1. Iron 


Chemical composition (per cent) 
Other 
C Si Mn S IB 0, N, elements 
(a) 0-0016 — 0-010 0020 0-007 0-002 0-005 00015 «0:01 
(b) 0:0250 — 0-001 0-006 0-011 0-002 0-105 0-0025 «0:01 


Fig. 1 
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ations in alpha iron in the presence and absence 
of neutron irradiation. Fast neutron doses, in units of 10!? cm-?, 
are written beside the points. 'The difference between the two broken 
lines shows the relaxation caused by neutron irradiation. 


Comparison of strain relax 


Specimen temperatures are directly proportional to IO DONC 
and follow its variations. ‘The priority of other experiments in DMTR 
has not always allowed the maintenance of a uniform pbeomaen tom pera- 
ture, and only the most reliable results are shown in fig. 1. The r.m.s. 
or of the arithmetic mean is given where there are three or more 
The figures beside the points are fission neutron doses in 


err 
Specimens. 
4T2 
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No difference has been found between specimens 


units of 1079 em-?. 


of the two compositions. E 
Below 250°c, 14 irradiation results and 24 laboratory results indicate 


an additional strain relaxation after irradiation of 2x10-5. This is 
greater than the r.m.s. errors. Between temperatures of 30°C and 240°c, 
and between neutron doses of 2 x 10! and 10 x 101? em-2, no temperature 
or dose dependence is apparent in the difference between the relaxation 
strains in irradiated and unirradiated specimens. 

Above 250?c the thermal strain relaxation is comparatively large, and 
most of it occurs during the first two or three days of irradiation, so that 
the driving stress during the remainder of the irradiation is only half 
or a third that at the lower temperatures. In addition, the increased 
thermal creep produces a greater scatter of results. Thus the similarity 
in the relaxations of irradiated and unirradiated specimens does not 
indicate the absence of irradiation creep at these temperatures but only 
that any irradiation relaxation is small in comparison with thermal 
relaxation, and lost in the scatter of results. 


3.2. Other Materials 


A high carbon steel specimen (B.S. 1407, composition C, 0-95-1-25%; 
Si, «0-394; Mn, 0-25-0:45%; S and P both <0-045%) irradiated at 30°¢ 
by 11 x 101? em? fission neutrons shows a relaxation 0-52 x 10-5, compared 
with 0-18 + 0-02 x 10-4 without irradiation. Under the same conditions, 
two fully annealed specimens of 18/8 austenitic steel show relaxations of 
0:46 x 10-4 and 0-34x 10-1 after irradiation and less than 0-01 x 10-4 
without irradiation. 

Two rigs of reactor grade zirconium irradiated to doses of 15 x 1019 
and 30x 10!9cm-? at 30?c show relaxations of 0-80+0-02x 10-4 and 
1:040-1x10-4 respectively. The relaxation without irradiation is 
0:08 + 0:02 x 10-4. 


$4. Discussion or RESULTS 


Present results are compared with those of other relaxation experiments 
in the accompanying table. There is evidence that the relaxations are 
transient rather than continuous. The present results for iron indicate 
independence of neutron dose after 2x 101? em-? (the results of three 
rigs containing seven specimens). ‘Those for zirconium would agree with 
the result of Dubrovin ef al. (1962) if relaxation were complete after 
4 x 107? em-?, 

The present evidence that relaxation is not an acceleration of thermal 
creep is supported by the work of Platonov (1962), who finds little tem- 
perature dependence of the relaxation in tungsten and nickel in the 
range 150-350°c. 

In contrast to thermal creep, the relaxation appears to be directl 
proportional to stress; in stainless steel, at similar doses to those ae 
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here, but at stresses an order of magnitude greater, Joseph (1959, private 
communication) finds a similar fractional strain relaxation. 

Comparison of different metals can be made within the group of results 
by each author. In the present experiments the relaxation in zirconium 
is three times that in steel; in Dubrovin’s experiments it is five times. 
Nickel shows the greatest relaxation rate. 

Strain recovery of about 50% is observed in the present experiments 
by either irradiation annealing or thermal annealing at 450°C for 24 hours. 
Similar recovery is observed by Dubrovin in nickel, 50% at 400°c and 
709%, after 10 hours at 550°C. 

In y phase U-9% Mo alloy, a second relaxation has been produced 
without irradiation (Dubrovin e al. 1962). In an irradiated specimen 
held without restraint at 20°c some strain recovery took place. A strain 
equal to that during irradiation was then reimposed and relaxation again 
oceurred, though there was no further irradiation. No second relaxation 
occurred in a specimen which had been fully annealed after irradiation. 
This is an important experiment. The rapid recovery of relaxation 
between 0:4 and 0-5 of the melting temperature indicates a process 
requiring self-diffusion. This could be either climb, or slip which only 
operates when self-diffusion removes the obstacles created by irradiation. 
If the process is one of slip, the second relaxation will only take place 
if the obstacles created by irradiation, and over which the dislocations 
must move in the recovery at 20°c are not absorbed by them. If these 
obstacles are absorbed, as in iron (Eyre 1962) and copper (Greenfield 
1962) the dislocations are free to move over a limited area of the slip 
plane, and the second relaxation will not take place. If, as seems prob- 
able, the process is one of climb, the recovery and second relaxation must 
s by the absorption of defects from the excess left by irradiation. 
There are sufficient defects available to give the observed strains. 


$5. Tae MECHANISM or CREEP 
Consider the climb of dislocations by absorption of interstitials and 
vacancies from the defect atmosphere existing during irradiation. A 
supersaturation of vacancies is equivalent to a stress (Bardeen and 
Herring 1952): 

L=kTb-3 In (cy/eve), 
where ev is the ERN wacancy concentration, cye the thermal equilibrium 
E and 5? the activation volume of a defect. When inter- 
Stitials also are present, the equivalent stress of which is in the opposite 


sense (i.e. the supersaturation pr imb i ite directi 
: produces climb in the o 
the equivalent stress is: p 


S=kTb-3 In (= 2) ; 
Cy Cie 


Vacan cies and interstitials are readily available from the defect atmosphere 
and climb proceeds under the sum of this stress, the line tension of the 
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dislocation, and any external stress. Because irradiation creates equal 
numbers of vacancies and interstitials, there is an important conservation 
condition; the number of lattice sites through which dislocations climb 
must equal the difference between the numbers of vacancies and inter- 
stitials in the defect atmosphere. This conservation condition, together 
with the changing curvature of the dislocations as they climb, which 
changes the stress due to the line tension, limits the creep strain which 
may occur. During irradiation, climb by interstitial absorption reduces 
the stress 3, and climb ceases when the total stress is zero. At the 
beginning of irradiation, because cie is small, all dislocations climb by 
interstitial absorption, but those at which the external stress assists the 
chemical stress climb farther than those at which the two stresses are 
opposed. At the end of irradiation, vacancies are absorbed at all disloca- 
tions until the defect atmosphere produced by irradiation is eliminated 
and the chemical stress is zero. After irradiation, the final position of 
each dislocation is thus determined by the external stress and the line 
tension of the dislocation. The net dislocation climb gives the observed 
creep strain. 

The initial value of X may be estimated from the energies of formation 
(Er) and mobility (Em) of the defects (the contribution from the ratios 
of the entropy factors and the dislocation interaction energies is small 
and may be neglected). For the equilibrium concentrations: 


kT ln (Cve/Cie) = (Et) cup (Et)v 


and momentarily at the beginning of irradiation, when the defect con- 
centration is small, and the local concentration near the dislocation is 
determined by the mobilities of the defects (see Appendix): 


ET In (ci/cy) 5 (Em)i — (Em)v- 


For copper, E is initially about half the shear modulus. í = climb 
proceeds, & decreases, and in the absence of external stress climb ceases 


when 
X-Gb[R, 


where R is the radius of curvature of the dislocation line. The rates of 
absorption of vacancies and interstitials at the dislocation are then equal, 
and they are also equal to the rate of creation of Frenkel pairs by irradia- 
Thus, equating the rate of creation and the rates of destruction: 

pom = acy = (xey/ci)ci, Cpu = e323) 
where p is the displacement cross section for the incident neutrons, 
¢ is the neutron flux, and m is the yield of Frenkel pairs per neutron 
collision, and « is & constant. Application of an external stress upsets 
the equality of the absorption rates, causing one-half of the dislocation 
array to climb farther by interstitial absorption, and the other half to 
retreat by vacancy absorption, there being equal numbers of dislocations 
at which the external stress assists and opposes the chemical stress. 


tion. 
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'To estimate the initial strain rate, suppose that on the application 
of an external stress o during irradiation, the vacancy concentration ab 
a dislocation changes by Acy, falling at dislocations which now climb by 
vacancy absorption, and rising at dislocations which climb by interstitial 
absorption. Let the corresponding change in interstitial concentration 
be Acı. Then, because the balance of forces on the dislocations gives: 

Rae bxdl-Z-bxdl, 
R* 
where dl is unit vector tangential to the dislocation, for dislocations which 
climb by vacancy absorption: 


Gb. — ma Pe E 
p tacos 0 =kTb Mee a 


and for dislocations which climb by interstitial absorption: 
7-6 cos? 0 =kTb-3 In ke am) , 
whence, for small changes in concentration: 
cos 8 e ens (s et), (0 
Cv Ci 
where 0 is the angle between the Burgers vector and the external force 
and cos? 0 is an average for the array of dislocations. 

The bracket in eqn. (4) may be evaluated by considering the diffusion 
of defects. Make the simplifying assumption that the specimen may be 
sub-divided into cylinders of radius d, each having a dislocation at its 
axis, and suppose that the defects created within each cylinder diffuse 
to this dislocation. Let the core radius of the dislocation be a. At this 
radius the defect concentrations are cy and c;, and defects diffusing within 
it are absorbed into the dislocation. Consider two neighbouring disloca- 
tions, for one of which cy falls and for one of which cy rises when an external 
stress is applied. There is an increase in the radius d of the first at the 
expense of the second, and an increase of the concentration gradient into 
the core of the first against a decrease of that into the second. If the 
radius @ is one atomic spacing, application of Poisson’s equation (see 
Appendix) shows that there is a fractional increase of gradient into the 
first dislocation of 

Ac/e In (d/a), 
so that, considering both vacancies and interstitials, there is 
in the rate of destruction of defects, at each dislocation 
required by the external stress, of 
acy ([Acy Ac; 
In @/a) (= : €) 

Since two neighbouring dislocations are not always of opposite sign, it 
Is appropriate to use a small multiple of the logarithm in the above 
expression. Putting d—10-!em and a=3 x 10-8 em, In d/a.— 8. 


a change 
, in the sense 
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From eqns. (3) and (4), the initial strain rate is: 


; poómob? cos? 0 
eom aq MA E sn) 
kT In (d/a) 
Numerically, taking p=3 x 107?! em?; $23 x 101? cm~? sec-1; m = 100; 
o= 10% ev cm-?; b=3 x 10-3 em; cos? @=4; ET —0:03 ev; and Ind/a=8, 
the initial strain rate is 10-7 hr-!. "The agreement with observed rates is 
good, and better than the uncertainties in eqn. (5). 
A new equilibrium position is reached when the flow of vacancies and 
interstitials into each dislocation is equal, ie. when 
Cy €i 

The stress equations are then: 


=0. 


Go 5 cost O= BO-2 In (= 2) 
Ry Cy Cie 


and 


Gb —_, 3 

C9 _ 5 cos? 6 = kTU-* In (ea 

Ro Cy Cie 

The area of atom plane swept out by each dislocation is known in terms 
of the initial and final radii of curvature; if the total dislocation density 


is N, the average dislocation line length is 91, and R,, A,» 1, the final creep 


strain is: 
N 2 1 it l i 
egeat "Gs x) z m 3)] 


= N ip 2g cos? 0 
“E Gb ' 

(The same value is obtained if the dislocation positions at the end of 
irradiation are considered, because R disappears from the equation.) 
Tor a random array of dislocations, ANI? cos? @ has a value of 1. The 
value increases if there is appreciable polygonization (and the average 
dislocation line length, as defined in the next paragraph, exceeds the 
average dislocation spacing) and. decreases if the dislocation array does 
not oceupy the entire volume but is confined to sub-boundaries. The 
irradiation creep strain is therefore: 

| et ~ €elastic/8. Ut s NO) 


This is in good agreement with the experimental results for metals; 
: 


there is numerical agreement, proportionality to stress and independence 
of temperature. A two-dimensional structure, such as graphite, in which 
are confined to the basal plane and the dislocation 


the Burgers vectors : : | c 
length is therefore large because the intersection of dislocations of opposite 
= — 


sion is infrequent, is expected to have a large value of NI? cos? 0. This 
io HORE out by the large relaxation observed in graphite (Platonov 1962). 
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Complete thermal annealing at self-diffusion temperature and complete 
irradiation annealing at lower temperature are both to be expected. 
This last conclusion is independent of the formation of immobile clusters, 
of either defect, which would produce an imbalance between the numbers 
of vacancies and interstitials available to the dislocations; in the absence 
of stress, positive and negative dislocations must have equal values of 
= and be symmetrically displaced from their original positions. 

If the dislocation density is low, the condition R,, R,<l may not be 
satisfied, and if X, <? climb proceeds beyond the semi-circular configura- 
tion. At this configuration, there must then still be a net diffusive 
flow of defects into the dislocations, i.e. 

Acy | Aci 
+—> 
Cy Cj 


0. 


The stress equations give: 
l 1 —; INE INE 
Gb | = — = +20 cos20=2kTb-3 | —* 4 = 
PESI Gc 58 
and it is therefore necessary that 
PELLIT : 1 1 
2e cos? 0 > Gb | — — — |. 
JURE 
The dislocations retreating by vacancy absorption have the larger radius 
of curvature, so that a less stringent condition is obtained by putting 
R,=—R,. Thus it is certainly necessary that 


— R, > Gblo cos? 0. 


TA 5 ", N s J 

For the stress used here ( — R) must always exceed two microns. (The 
minus sign indicates curvature in the opposite sense to that existing 
" 3 Š 3 a . . Ş co 
in the absence of stress.) How ever, it will be seen from fig. 2 that the 


Fig. 2 


s 


Two dislocati imbi i 
slocations, one climbing by vacancy absorption and one climbing 
o 


——— 

The direction of climb of edge dislocations under two external shear stresses 
by interstitial absorption, pin each other at the point of intersection 

. 1 

| 
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directions of climb of edge dislocations by interstitial and vacancy 
absorption are at right angles, so that the two types of dislocation inter- 
sect. Ac, and Ac; are necessarily zero at the points of intersection, and 
these are therefore immobile. Climb beyond the semi-circular configura- 
tion is therefore only possible if the points of intersection are a distance 
greater than (—22,) apart, that is to say, if the dislocation density is 
less than 1/4R,?; in the present experiments less than 10'em-?. In 
materials in which low dislocation densities exist, climb proceeds until 
dislocations climbing in the same plane join and eliminate those sections 
which have a component of length perpendicular to the stress. Climb 
then ceases. The creep strain in such materials is then: 


erx NI? cos? 0. 2b/1, 
which for a random array of dislocations reduces to: 
era b[9. odes Dicen) 


Equations (6) and (7) are illustrated by fig. 3, where the final creep strain 
is given as a function of stress and dislocation density. 


Fig. 3 


o 


= 


INCREASING DISLOCATION DENSITY 


nmam 


STRESS 


FINAL CREEP STRAIN 


Final creep strain as a function of stress and dislocation density. At o 
: stresses the final strain is proportional to stress, but a macunun s 
strain exists, the value of which is determined by the dislocation density. 

xists, 


$6. SUMMARY 
1 r 
A transient irradiation creep has been observed in four metals. The 
' ; 10-5 in alpha iron to 10-4 in zirconium, 


1 S i rex rom 2x 

nal strains range f : Se : 
and are proportional to stress and independent of temperature. The 
a 


observations agree quantitatively with E theory of dislocation. o 
Vacancies and interstitials created during irradiation allow climb to 
take place, and it is controlled by the chemical stress due to these defects, 
the external stress, and the line tension of the dislocations. 
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APPENDIX 

Applicability of the argument used here depends on the vacancy 
mobility being sufficiently high and the damaging flux sufficiently small 
for the annihilation of defects at dislocations to be treated separately 
from vacancy-interstitial recombination. Under the existing irradiation 
conditions, migration of a defect to a dislocation is at least several orders 
of magnitude more rapid than its rate of creation, and the steady-state 
solution of the diffusion equation may therefore be considered at the 
beginning of irradiation and before appreciable climb has occurred. 
With cylindrical symmetry about the dislocation, as stated in the text, 


one integration yields: 
dc pom d? — a? 
(o) cento TUM WOES (0) 


where v is the jump frequency of the point defect. 
Consider now the movement of defects through 
outside the dislocation core, and for simplicity 
energy between defects and dislocations ( 
order of magnitude of X is required). 
this layer jumping towards or away fr 
equal, and clearly, if there is to be 
dislocation, the defect concentratior 
equilibrium value. "The concentr 


a layer immediately 
assume a zero interaction 
this is justifiable when only the 
The probabilities of a defect in 
om the dislocation then remain 
a net diffusive flow of defects into the 
n in this layer must exceed the thermal 
ation gradient into the dislocation is: 


QS Duc pe 


where ce is the thermal equilibrium eoncentration. 
and interstitials, c>ce, and eqn. (8) 


For both vacancies 
therefore becomes: 


(ev) (cv), = Pom 
a 


> 


so that, putting v= v, exp (—Em/kT) 


: , and ignoring differences in entropy 
actors: 


ET In (eifcy) = (Em)i — (Em)y. 
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Two integrations of the diffusion equation yield: 


^x phmd?. (d TIE 
(c)a= (c)a + by In C) E (d3— a2), 
from which, when (c)g remains constant. 
ð |. 2ppmd, (d 
aq (a= — 7,35 n (B): ee eee LO) 


a 


Differentiation of eqn. (8) gives: 

9 (ac\ _ 2pdmd 
a(s).- Ls iere cssc 
Equations (10) and (11) together give: 


a 
A (F), = -40a m (dja). qe E) 


Equations (9) and (12) give the fractional change of gradient into the 
dislocation, in terms of the concentration of defects and the concentration 


change, in the layer immediately outside the dislocation: 
A(de/ar)a _ 2 A(c)a b 


(dc/dr)a (c)a a ln (d/a) | 
This equation, with b=a, is used in deriving eqn. (5) of the text. 
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ABSTRACT 


A mechanism is described requiring contact between stepped erystal faces 
which can lead to the formation of dislocations during crystal growth. The 
initiation of dislocations during both nucleation and growth is explained. 
Conditions under which the proposed mechanism and others previously 
suggested are significant are discussed qualitatively in relation to relevant 
experimental observations. 


$1. INTRODUCTION 
MzcnRaAxIsMS by which dislocations may originate during erystal growth 
were proposed by Frank (Frank 1949, 1951, 1952, Burton et al. 1951). 
This topic was also discussed by Fisher et al. (1954) who had observed 
experimentally that dislocations resulted from contact between crystals. 
The discussion here introduces the additional factor of the relation between 
growth steps and the origin of dislocations. 


$2. THEORY 
2.1. Nucleation 


This discussion is confined to the formation of dislocations during 
homogeneous nucleation and crystal growth. It has been pointed out 
that due to the strain energy associated with a dislocation, a dislocated 
nucleus is less stable than a perfect nucleus. Therefore, in the initial 
stages of growth from a nucleus of critical size, the crystals are probably 
dislocation-free (Dunning 1955). The number of nuclei increases rapidly 
as a function of supersaturation. Therefore, under common experimental 
conditions there will be a high density of crystal nuclei slowly growing 
by a two-dimensional nucleation process. If one of these crystals impinges 
on another and the presence of any steps on the surfaces is neglected, 
the relative motion may result in exact alignment of the respective 
lattices when the crystals are close enough to adhere. This would result 
in a transient increase in growth rate without any formation of 
dislocations. Alternatively, adhesion and subsequent growth might 
proceed when the crystals are in contact wtih their lattices at a small 


1 Partial support by the Air Force Office of Scientific Research under 
Contract No. AF 49(638)-959 is acknowledged. 
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1336 
angle. This would result in a permanent increase in growt 


plane of contact as a crossed grid of dislocations is formed 
This is discussed later. 


h rate in the 
(Frank 1951, 


Newkirk and Sears 1955). 


|; AB-GROWTHSTEP 9. AB-EDGE 
DISLOCATION. 


3. AG-GROWTH STEP. 4. AB-EDGE 
AD- SCREW 
DISLOCATION. 


Diagrammatic representation of the formation of a screw dislocation 
during crystal growth. 


Because of the absence of dislocations the crystals will be growing by 
the movement of steps originating by a surface nucleation process 
(Frank 1951). Contact and adhesion between crystal faces on which 
steps exist result in edge dislocations corresponding to the steps. Where 
the steps intersect the b ; 'egi 

: ps intersect the boundary of the region of contact, growth then 
produces serew dislocations oriented perpendicularly to the plane of 
contact. T hus contact with a slight misalignment between two erystal 
surfaces on which steps are present results in a nucleus capable of growth 
in all directions by the dislocation mechanism. The process by which 
steps result in screw dislocations is illustrated for a simple case in the figure 

; > align i T ; ; : 2 s 
If perfect alignment is assumed, various geometries will result in a single 
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screw dislocation, a pair of dislocations of the same sign, and a 
cooperating group, emerging either on one or opposite faces of the crystal. 
n * & > k 

This discussion assumes that the crystals which contact differ in size. 


2.2. Growth 

At later stages in growth, a large number of steps will originate from 
the screw dislocations present in the crystals. The impingement of other 
microscopic crystals would therefore result in the formation of additional 
dislocations by the mechanism described. Thus, the dislocation density 
of the crystals would be maintained under conditions when multiplication 
of dislocations by slip does not occur. If both crystal surfaces are stepped, 
a group of cooperating dislocations will result having a total Burgers 
vector which is the vector sum of the Burgers vector representing the 
dislocations associated with the individual steps, and dislocation groups 
of large total Burgers vector can be formed. An alternative mechanism 
for the formation of dislocations whose vector is a multiple of the unit cell 
dimension would be the prior formation of a step of corresponding height 
on the surface. Such a step could arise as a result of step bunching due 
to adsorbed impurities or a stacking fault. Steps greater than a single 
molecule in height may also arise by the impingement of small crystals 
as discussed previously. 


83. DISCUSSION 


The relative frequency of occurrence of dislocations arising from stepped 
surfaces and from twist boundaries will depend on several factors. One 
will be the relative motion of the two crystals, which will influence the 
degree of alignment attained. The size of the crystals is of importance 
here. Alternatively, the relative stability of various configurations may 
be considered. The driving force for combination of two erystals is the 
reduction in external surface. Against this there will be the strain 
energy of the dislocations formed. Therefore, small twist angles or 
even complete alignment will be strongly favoured. 

After combination of two crystals in the manner described, growth 
eannot proceed unless the distance between the dislocation and erystal 
edge (AC in the figure) is larger than the corresponding diameter of the 


critical surface nucleus (Burton et al. 1951). 


3.1. Discussion of Experimental Evidence 


Many of the relevant experiments described in the literature are either 
capable of other interpretations than those given, or the conelusions 
reached are applicable only in specific cases. The theory advanced here 
for the formation of a dislocated crystal nucleus and of dislocations during 
growth conforms to general experience of crystal growth phenomena but 


requires additional experimental verification. 
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Direct observation of nucleation processes is confined to QUO NEON 
with the electron microscope. This has given evidence that ` perfect 
erystals are formed initially (Coleman and Sears 1957, Price 1960) 
When observing deposition of metal films on a substrate, Bassett (1961) 
observed a high surface mobility of nuclei and marked influence of 
surface energy on shape. Anderson and Dawson (1953, 1955) examined 
very small crystals after cessation of growth, and the observations are 
not inconsistent with the mechanism proposed here. However, they 
were unable to distinguish between growth by surface nucleation or by 
a dislocation mechanism as dislocations sometimes moved out of their 
crystals during preparation. The steps visible were almost exclusively 
monomolecular, and they also concluded that insoluble impurities had 
little effect on growth. The formation of growth defects in metal foils 
deposited by evaporation was also studied by Mathews (1959) who 
considered that the defects observed were formed by the growing together 
of nuclei which differed in size and were slightly out of register. 

A number of other interpretations of the mechanism of dislocation 
formation are based on indirect evidence which is in many cases not 
conclusive. Newkirk and Sears (1955) studied the crystal growth of 
potassium chloride from solution and suggest that the morphology was 
determined by dislocation structure. That is, rods or whiskers contain 
screw dislocations aligned in one direction only, and plates contain 
dislocations in two perpendicular directions. A cube results from equal 
growth in all directions indicating that any special uneven distribution 
is absent. Thin plate-like crystals are often observed during crystal 
growth from melt, vapour or solution. For materials having the diamond 
lattice or similar structures thin plates have been shown conclusively 
(Frank 1949, Bennett and Longini 1959, Wagner 1960, Hamilton and 
Seidensticker 1960) to arise from the presence of twin plates which 
produce a re-entrant corner at which steps originate. Dawson (1952) 
had earlier observed the same mechanism when studying the growth of 
n. hectane crystals and similar effects in cadmium dendrites were 
described by Price (1959). 

n D a oti iew - 
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observed growth kinetics were consistent ae xs : So eo te 
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found that platelets grew from the contact between tw 
structure here is evidently a crossed grid of dislocati 
examples illustrated are of high-angle boundaries wh 
complex. DeVries and Sears (1961) observed th 
titanate crystals grown from soluti 
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impinged so that a crossed grid of dislocations, or more complex structures, 
were formed. However, rotation in the plane of a surface can of itself 
only produce screw dislocations with Burgers vector in that plane. 
Continued growth perpendicular to the surface of the primary crystal 
as a result of impingement of other crystals can only result from another 
effect such as the presence of steps on the contacting surfaces. Further 
experimental evidence on the process of platelet growth would be desirable. 

Forty had observed that cadmium iodide crystals grew first as thin 
plates having no visible structure, and later, spiral growth hills were 
formed with large steps. When plate-like crystals were grown from 
impure solutions, and if the impurities become incorporated into the 
crystals, then many large dislocations appeared during growth. This 
was attributed to stresses set up in the platelets, which were finally 
relieved by the formation of dislocations (Forty 1954). The origin of 
screw dislocations which lead to the thickening of cadmium iodide platelets 
was later investigated by Fisher et al. (1954) and Newkirk (1955). They 
observed the formation of such a dislocation by the edgewise contact 
between two slightly misoriented platelets. This is a special case where 
tilt perpendicular to the plates is provided by the uneven surface on which 
the crystals rest, and the same authors proposed as a general theory that 
the dislocations observed were formed as a result of the presence of 
‘impurity crystals’. A number of alternative theories can be proposed 
for these and other similar observations (Dunning 1959). For instance, 
dislocations may be present in the glass or other substrates (Sears 1955), 
or the mechanism proposed in this paper may operate. Another possible 
explanation is the formation of dislocations as a result of mechanical 
damage as investigated by Korndorffer et al. (1952). 

For the systems they studied (e.g. long-chain hydrocarbon crystals 
grown from solution), Anderson and Dawson (1953) found that observable 
impurity particles were without influence. In other systems such as 
sucrose/water, erystal growth may be maintained at low supersaturation. 
for long periods without any formation of dislocations (Dunning and 
Albon 1958). The active impurity crystals of Fisher e! al. (1954) must 
therefore be absent in these systems. At higher supersaturations, 
dislocations can be formed in such systems under conditions when 
submicroscopie crystals of the same material are present. 

Growth from the melt of crystals of low dislocation density requires a 
large temperature gradient so that a small volume only of the melt is 
supercooled, and the mechanisms discussed here cannot operate. 
Dislocations and twins are produced in silicon on inserting a seed into 
a melt under conditions such that a significant volume of the melt is 
supercooled as described by Dash (1959). With the similar InSb system, 
twins can form when facets exist at the interface, as discussed by Hulme 
and Mullin (1962). A larger volume of supercooled melt exists at the 
facet, and nuclei may be formed which are sometimes attached in twin 
orientation—this being a rare event (Hulme and Mullin 1962). Any 
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nuclei adhering in the correct orientation would produce dislocations as 
the facets are stepped during growth. 

The formation of some types of whiskers has been attributed to the 
presence of dislocations terminating only in one face, and the origin of 
the dislocations ascribed to the substrate (Sears 1955). Whiskers not 
attached to any substrate are also observed, and the dislocation structure 
in these cases may be formed by the adhesion of two crystals in exact 


register. 


$4. CONCLUSIONS 

Several mechanisms by which dislocations originate during crystal 
growth have been previously proposed in addition to that described in 
this article. The experimental evidence which has been discussed 
indieates that there is not a single theory which has general application. 
Convincing proof of the operation of any single mechanism has only been 
obtained for special cases. 

Formation of dislocation structures of varying complexity can be 
explained by the mechanism proposed here, which would also lead to 
the formation of dislocations during growth in qualitative agreement 
with general experience. The further experimental support required 
may be looked for under conditions where the effect of insoluble 
impurities and the possibility of the generation of dislocations by 
mechanical deformation are insignificant. Another effect, which has 
not been considered here, namely, the relation between soluble impurities 
and dislocation formation, may arise through the effects of impurities on 
step movement. 
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ABSTRACT 


Crystallographic analyses of dislocation networks in annealed b.c.c. iron 
observed in the electron microscope have been carried out by applying the 
kinematical theory of electron diffraction contrast at dislocations and Frank’s 
formula for determining the dislocation content of a grain boundary from a 
crystallographic survey. From the analyses, the Burgers vectors of the 
individual dislocations, as well as the other crystallographic properties of the 
networks, have been determined uniquely. Tho majority of the networks 
observed so far lio in {110} planes. The Burgers vector of the short segments 
of dislocations produced at the junctions of the a/2« 111» dislocations has been 
positively identified as being of a« 100» type, and these segments are pure screw 
dislocations. From the observed contrasts, the magnitude and the relative 
sign of the Burgers vectors of junction dislocations also have been determined. 
The observed crystallographic features are generally in good agreement with 
the grain boundary model predicted for the b.c.c. lattice. The angle between 
the a/2¢111> dislocations in the network is found to be approximately 90°, 
while the angle predicted by minimizing the elastic energy is 103°. 


es 


$ 1. INTRODUCTION 


Hmson et al. (1960) advanced a kinematical theory of electron diffraction 
contrast at dislocations in which they proposed a method of determining 
directly Burgers vectors of dislocations observed in the electron microscope. 
In order to carry out such an experiment it is necessary to provide the elec- 
tron microscopes with a goniometer stage which permits the specimen to be 
rotated about two axes at right angles. 

In this paper we report on an experiment in which the tilting method 
of determining the Burgers vectors has been applied successfully to the 
network dislocations of sub-boundaries in annealed iron. Dislocations in 
the sub-boundaries are exceptionally suitable for this type of study because 
we have available, as a means to check the results, Frank’s formula for 
determining the dislocation content of a grain boundary from a crystal- 
lographie survey. A detailed crystallographic analysis of dislocation 
networks in b.c.c. lattice is of considerable interest, since Carrington et al. 
(1960) presented, using geometrical arguments, evidence for the presence of 
dislocations with a(100) Burgers vectors at the junctions of the networks. 
The purposes of this investigation are to verify directly the presence of the 
a(100) dislocations and to obtain complete crystallographic information 
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on the dislocation networks in the sub-boundaries. The information a 
then be compared with the network configuration predicted by geometrica 
theory. Finally, the formation of networks will be discussed on the basis 


of the elastic interaction between intersecting dislocations. 


§ 2. ELECTRON DIFFRACTION CONTRAST AT DISLOCATIONS 


In the kinematical theory of electron diffraction contrast at dislocations 
it is assumed (Thomas 1962) that the crystal is not exactly oriented for the 
Bragg reflection, so that the diffracted intensity is weak compared to the 
intensity of the direct beam. — It is further assumed that only one diffracted 
beam is excited in the erystal and the crystal is so thin that the effect of 
absorption can be neglected. Under these assumptions, the dislocation 
contrast observed in transmission electron microscopy is found to originate 
from the enhanced Bragg reflection owing to the lattice distortion around a 
dislocation. The waves scattered from any element of volume experience 
a phase shift of approximately 2z(g. R), where g is the reciprocal lattice 
vector associated with the diffraeted beam and R is the displacement of the 
element. 

Although the diffracted amplitude may be evaluated graphically from 
the amplitude-phase diagram, the general intensity profiles are actually 
approximated through the steady component of the amplitude which can 

be expressed in terms of Bessel functions. ‘These have been evaluated for a 
screw dislocation (Hirsch ef al. 1960) and also for edge and mixed disloca- 
tions with their slip planes parallel to the foil plane (Gevers 1962). It is 
found that: (1) the dislocation scatters more intensity into the Brage 
reflection than the neighbouring areas; (2) the intensity peak occurs on 
one side of the centre of the dislocation ; (3) the image of an edge dislocation 
is about twice as broad as that of a screw and the intensity peak from the 
edgeisa lso greater; and (4) the width of the images increases with increasing 
values of n=g.b, where b is the Burgers vector of the dislocation. The 
experimental evidence (Hirsch et al. 1960) seems to indicate that the 
images corresponding to n=1 or 2 are observed frequently while those for 
n=3, 4, and higher are not. The contrast for n=2 is characterized by a 
rapid decrease at the side of the image facing the dislocation. 

An Immediate outcome of the kinematical theory is the possibility of 
determining gio Burgers vectors of dislocations observed in the electron 

phase anl 2g: R) icles tt We c ted Dy tho exta 
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perpendicular to the dislocation line. At the high voltages used in thin 
film transmission microscopy the Bragg angles are so small that the 
reflecting planes are nearly parallel to the electron beam and the reciprocal 
lattice vector g practically lies in the foil plane. "Therefore the contrast 
of an edge dislocation lying parallel to the foil plane will also disappear when 
g.b=0, regardless of the orientation of its slip plane. For edge dislocations 
inclined to the foil plane and for mixed dislocations, the invisibility criterion 
g -b =0 is expected to hold only approximately. : 

Howie and Whelan (1961, 1962) have recently formulated a dynamical 
theory of electron diffraction contrast at dislocations by taking into account 
the effect of absorption due to inelastic scattering. The theory is capable 
of explaining most of the contrast effects observed at dislocations and many 

| of the predictions of the kinematical theory reappear in their conclusions. 
The invisibility criterion, g.b=0, has remained as the most useful tool for 

| determining the Burgers vectors, although it is, strictly, a sufficient 
condition for invisibility only for pure screw dislocations. 


$3. DISLOCATION MODEL OF GRAIN BOUNDARIES 


An intererystalline boundary may be viewed as an array of dislocations 
which, because of cancellation between the stress fields, has no long-range 
stress field associated with it. Frank (1950) has given a formula which 
specifies the essential dislocation content of a crystal boundary. His 
formula has been used to determine the types of boundary which can be 
constructed from given sets of stable dislocations. 

The stability of a dislocation in the common crystal lattices is determined 
on the assumption that the self-energy per unit length of the dislocation is 
proportional to the square of the Burgers vector (Frank and Nicholas 1953). 
Although the Burgers vector of a perfect dislocation may be any lattice 
vector, if the Burgers vector can be dissociated into two other possible Burgers 
vectors with a reduction in energy, the original dislocation is presumed 
to be unstable. In the b.c.c. lattice, these considerations predict that 
dislocations with Burgers vectors of a [24111) and «(100) types are stable. 
? In the present paper it is assumed that the Burgers vector of an observed 

dislocation must be of one of these two types. 

A grain boundary separates two crystals which differ in orientation by a 
rotation of 0 about some axis which may be denoted by the unit vector u. 
| In Frank's method, a vector r is chosen representing a straight line connec- 
| ting any two points a sufficient distance apart and lying in the boundary. 
Then r is rotated around u by the amount 0 and the resultant vector 1s 
calledr’. r’has the same crystallographic indices in one grain that r has in 
the other. A Burgers circuit is constructed starting from the terminal 
point of r' into one grain and passing through the common origin of r and 
r' on the boundary plane. Continuing in the other grain, the Burgers 
circuit will end at the terminal point of r and its closure failure, the vector 
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d—r'— r, is the sum of the Burgers vectors of the dislocations surrounded 
by the circuit. For @ sufficiently small : 
d =(rxu)é 
= ¥n,(r)b;, MI ee ee s (d 
i 

where the circuit encircles n; dislocations having Burgers vectors b; (i= 1, 
DE e 

tiven two sets of stable dislocations, one can construct a sub-boundary 
of twist or mixed nature (Amelinckx and Dekeyser 1959). To do this | 


explicitly, let us take the Burgers vectors b,=@/2[111] and b,=a/2[111] 
and suppose that the sub-boundary is to be constructed on the (011) plane, 
which contains both Burgers vectors. If r lies parallel to the ith set of 

dislocations, n;= 0, and then (1) shows that r and the parallel dislocations | 


Fig. 1 | 


[01T] 
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are perpendicular to the Burgers vector of the other set 
lation also shows that the spacings of the lines ; 
Therefore, the sub-boundary on the (01 1) plane 
the dislocations lying along the [211] and [2 
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is expected to occur at the junctions. The network will fin 
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screw orientations. In this final configuration, those vectors which are 
drawn on the network plane to intersect only one set of the a/ 211) 
dislocations will lie along the (211) directions, while those which intersect 
only the resultant a[100] dislocations lie along [011]. In the twist and 
mixed boundaries, the axis of rotation u is perpendicular to the plane 
defined by the Burgers vectors. The network on the (011) plane consisting 
of the a/2(111] and a/2(111] dislocations, therefore, represents a pure twist 
boundary. Boundaries on other planes made of the same two sets of dislo- 
cations have mixed character with networks such that their projection on 
the plane of the Burgers vectors is identical to the network characteristic of 
this plane (Frank 1955). 

Experimentally, Frank's formula may be used to determine the disloca- 
tion content of an observed grain boundary. More specifically, the proce- 
dures leading to Frank’s formula can be used to determine the Burgers vec- 
tors of dislocations in networks observed in the electron microscope. This 
is done by finding the vector r; which cuts only the ith set of dislocations. 
For this r; the closure failure d is n;b;, so that by (1) r; is perpendieular to 
b, In this analysis the Burgers vector is obtained without making any 
assumptions about the nature of the network except that it is free of long- 
range stresses. 


$4. EXPERIMENTAL PROCEDURE 


In the present study, the sub-boundaries are formed as a result of the 
phase transformation from austenite to ferrite, a consequence which is 
sometimes referred to as veining. The formation of the sub-structure 
is attributed to the distortion caused by the volume change during the 
phase transformation followed by recovery. 

The specimen material was iron zone-refined at the Battelle Memorial 
Institute to a purity of 99:988%, containing 0:0010 wt % carbon. A foil 
of 0-006in. thickness was obtained by cold rolling from the initial thickness 
of jin. The foil was annealed for } hr at 950°c im vacuo and then cooled 
through the transformation temperature. The average grain diameter was 
140microns. Thin foils suitable for transmission electron microscopy 
were obtained by electropolishing in a solution of 20 parts by volume of 
glacial acetic acid and 1 part of perchloric acid (70%), with two pointed 
stainless steel cathodes on each side of the vertically suspended specimen. 
The foils were examined in the Philips EM 100B electron microscope opera- 
ted at 100kv. 

A goniometer stage capable of tilting the specimen over 10° about two 
axes at right angles was built, modelled after the original design of Walter 
(1958). The regular specimen holders with complete freedom of rotation 
about one axis were also found to be useful. The crystallographic orienta- 
tion of the foil, as well as the reflection responsible for the dislocation 
contrast, were determined from the selected area diffraction pattern, 
corrected for rotation. As the foil was tilted, extinction contours due to 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


1348 S. M. Ohr and D. N. Beshers on 


: 7 a" T 
local bending were observed to sweep across the field of view. The optimum 


contrast at dislocations was obtained in the vicinity of the extinction 
contours where the assumptions of the kinematical theory were expected 
to be valid. A number of difficulties, including specimen contamination, 
had to be overcome. The area under observation often moved out of the 
field of view on tilting, and it was not possible to tilt in all the reflections of a 
zone because of the local variation in orientation created by bending. 
Nevertheless, a number of areas have been tilted successfully into two or 
more independent reflecting positions. Whenever the contrast disappeared 
the Burgers vector of the invisible dislocations was determined from the 
criterion g.b=0. The Burgers vectors of other dislocations were obtained 
by elimination often assisted by the observed variations of contrast under 
different reflecting conditions. 

The network plane was identified from its projected width and direction 
by taking the thickness of the foil as 30004. In contrast to the previous 
results of Carrington ef al. (1960), the majority of the networks analysed 
in this work lay on major crystallographic planes. A vector, r, which 
intersects only the ith set of dislocations in the network plane, may be 
obtained from r;" lying in the plane of the foil and intersecting the same set 
of dislocations if r; is taken parallel to n x (r;” x v), where n and v are the 
normals of the network and foil planes respectively. This operation is the 
inverse of the normal projection. The Burgers vector of the ith set of 
dislocations can be determined from the rule that it is perpendicular to the 
vector r;. 


$5. EXPERIMENTAL RESULTS 

In all the foils examined, dislocations in the grain interior were nearly 
straight and were oriented along the traces of the (111) crystallographic 
directions. The tilting experiments were performed on some of them and 
the Burgers vectors, determined by the invisibility criterion, showed that 
they were indeed screw dislocations. In the specimens cooled rapidly 
from the y-region, the sub-boundaries consisted of an array of parallel 
dislocations often crossed by one or two dislocations. After prolonged 
ageing at room temperature in foils of 0-006in. thickness, as well as in the 
slowly cooled specimens, a crossed grid or hexagonal network of dislocations 
was frequently observed in the sub-boundaries. Tt seemed apparent 
that some dislocation Tearrangements had occurred during the room 
temperature ageing. For the foils prepared in this experiment, the foil 
planes were frequently found to be {113} on account of a preferred orienta- 
tion. | 
mee d a un network which is nearly lozenge-shaped 

but im which the presence of a third set is i i 
from. the Pe perm nes : ce oe ee ees 
invisible under the operating reflect; s. These short segments BD are 
I 8 reflection (031), hence their Burgers vector 

has to be a[100] from the criterion g.b=0. The other ty 

dislocations show the rapid decrease of contrast d a 4 
at one side characteristic of 
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Í Fig. 2 


; icrographs showi lislocation network under two different 
Sequence of micrographs showing a dis ie c t en 
e reflecting conditions (a) (031) and (b) (110). The short segments BD 
are screw dislocations with Burgers vector a(100]. 
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the g.b=2 images. There are only two possible Burgers vectors, namely 
£a[2[II1] and +a/2[111], which fulfil the condition g.b= +2. The | 
relative sign of the Burgers vectors is determined by carefully comparing 
the images of the dislocations. It is noted that the sides at which the con- 
trast decreases rapidly are reversed for the segments AB and BC when they 
are observed along the direction bisecting the angle between them. Moreover, 
the two images meet at B while they do not at D. This shows clearly 
that the two images lie on the opposite sides of the centre of dislocations 
and, consequently, the g.b of two dislocations have the opposite signs. 
Thus, the Burgers vectors have to be either a/2| 1T1Jand a/2[111] or a/[T11] 
and a/2{II1]. As the (110) reflection is tilted in (fig. 2(b)), the a[100] 
segments have showed up as expected and the segments parallel to AB-have | 
disappeared instead. Itis concluded, therefore, that the Burgers vector of | 
the AB set is a/2[11T], while that of the other set parallel to BC is a/2[111]. | 


Table 1, Crystallographic analysis of the network in fig. 2 using Frank's 
formula. For each set of dislocations in the net, there are given 


r” in the foil plane (113), r in the network plane (011) within 5°, the | 
probable Burgers vectors b, and the direction of the dislocation | 
line E | 
| 
Set r" | r | b | (3 | 
AB [110] [211] aj? [111] 11? from | 
È Es i x [111] 
BC [217] 217) | a201] 11? from 
; ; = [111] 
BD Perpendicular [011] a[100] [100] 
to [411] aj2(111] 
aj2|111] 


€————— ÁO op M NN SNR | 


On the other hand, it was found possible to carry out à complete crystal- 
lographic analysis of the boundary. The network plane makes an 'angle 
of 30° with the (113) foil plane, and its projected normal lies in the direction 
approximately 23° from [110]. Stereographic analysis shows that the 
(011) plane satisfies these conditions. Table 1 shows the directions of three 


" 1 
r” vectors on t i i 

ors or the foil plane each cutting only one set of dislocations their 
backprojected directions on the ( ; 


011) network plane, the directi 
x ojecte [ y ions | 
dislocation lines and finally the probable Burgers vectors, which are m 
to be in good agreement with those obtained from the contrast studies 
The following facts have been established from the analyses : é 


(1) The Burgers vectors of each segment are 
DAEN 11], by-=a/2[111] and b55—a[100]. 
(2) The dislocation reaction at the junction is 
aj2 [111] af2[111]-- a [100]. 


EE. Tuc Hau LN 
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(3) The a/2(111) dislocations lie approximately 11? from their screw 
orientations toward the (211) directions. The angle between the 
two «[2(111) dislocations is approximately 88°. The resultant 
a{100] dislocation is a pure screw. 


(4) The axis of rotation u is [011] and the observed network represents 
a pure twist boundary. From the density of dislocations, the angle 
of relative rotation is about 3 min. 


Figure 3 (a) shows another network which was similarly studied. The 
normal to the foil is close to [315]. In fig. 3(b) the foil is tilted for the 
(121) reflection. Although the reflecting plane is parallel to a possible 
Burgers vector a/2[111], none of the network dislocations has disappeared. 
In fig. 3 (c) the operating reflection is (211), which does not belong strictly 
to the [315] zone, but the plane makes an angle of only 8° with the zone 
axis. All the dislocations parallel to AB have disappeared in the micro- 
graph indicating that the Burgers vector of the set is a/2[111] from the 
invisibility criterion g.b=0. The Burgers vector of the segments parallel 
to BC has to be either a/2[111] or a/2[111], but a/2[111] is chosen because 
their contrast did not diminish in fig. 3 (a) where the strongest reflecting 
plane (211) is parallel to the [111] direction. The Burgers vector a{100] is 
assigned to the short segments parallel to BD at the junctions from the 
nodal sum rule, as well as from the observed behaviour of their contrast. 

From the projected width, the network plane is at an angle of approxi- 
mately 41° to the foil plane, and its projected normal lies in the direction 
about 10° clockwise from the [130] direction. It is found that the (011) 
plane makes an angle of 44° with the foil plane and its normal projects 
closely along the observed direction. Therefore, it is concluded that the 
network lies in the (011) plane. Table 2 shows the results of the crystal- 
lographie survey using Frank's formula. The Burgers vectors obtained 
in this way are again consistent with those from the contrast studies. The 
dislocation reaction at the junctions and all the crystallographic features 
of the network are identical to the results of the previous analysis. The 
angle between the two a[2 (111) dislocations measured in the network plane 
isabout909. The network again represents a pure twist boundary with the 
[011] rotation axis and the relative rotation is approximately 7 min. 

Figure 3 also reveals an interesting configuration of a network which is 
in a stage of being broken loose. From the transparency of the foil, it is 
apparent that the electropolishing has progressed to a greater extent near 
the boundary junction and some of the dislocations have left the network 
as a consequence. ‘The long dislocation EF, which has been the segment 
BC in the network, has swung around nearly 90°. In the network left 
behind, the segments with the Burgers vector @(100) are considerably 
longer compared to the same type of dislocations in the regular network. 

Figure 4(a) shows a sub-boundary made of a nearly lozenge-shaped 
network of dislocations lying in the (121) plane. The foil plane is close to 
(113). Figure 4 (b) shows the same area after tilting the specimen. The 
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reflection producing the contrast is now (110) and a set of dislocations in- 
cluding the segment AB have disappeared. Itis concluded that the Burgers 


vector of the non-vanishing segments can only be a/2[111], while that of the 
invisible dislocations has to be either a/2[111] or @/2[111]. When these 


Fig. 3 


(b) 
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Fig. 3 (continued) 


Sequence of micrographs taken under slightly different orientations showing a 
dislocation network emerging from a boundary junction. The reflections 
producing the contrast at dislocations are (a) (211) and (130), (6) (121), 


and (c) (211). 


Table 2. Crystallographic analysis of the network in fig. 3. The vector 
r” is given in the foil plane (315) and r in (011) within 5° 


Set r” | r b E 
E AB 46° from [211] aj2[111] 10? from 
[211] > - [1r] 
BC 25? from [211] a/2(111] 10° from 
[130] = s [111] 
BD 10? from [011] a[100] [100] 
[121] a[2(111] 
a[9(111] 
LULA E a 


are combined with the results of the crystallographic survey (table 3), 
the Burgers vectors can be assigned uniquely ; i.e. 
b, —a[2[111] and bcp = a[2 011]. 
It is noted here that the network plane (121) contains the Burgers vector 
of one set of dislocations. ‘The length of the third set of dislocations with 
Burgers vector a{100] is quite short, and because it lies in the (121) plane, 
The dislocations of the AB set are mixed disloca- 


it cannot be pure screw. j 
tions lying at an angle of 35° from screw orientations, and yet the contrast 


P.M. 4X 
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Fig. 4 


(b) 


Sequence of micrographs taken under two d; à : 
dislocation network in (121) Dane: sent prientations showing a 
contrast are (a) (121) and (b) (110). lons producing the 
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Fig. 5 


(b) 


LR. showi islocati reactions along an isolated 
35 f mierographs showing dislocation reac g_ b 
Sequens UAE AB. Dislocation CD visible in (a) under the (031) reflection 
has vanished in (b) where the (121) reflection is tilted in. The short 
segment EF with the Burgers vector a[010] is found to lie along an edge 
orientation. 
4X2 
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has disappeared in accordance with the invisibility criterion g- b =0. T i: 
plane of the Burgers vectors, (011), makes an angle of 30? with the network 


When the directions of the r vector are projected to the (011) 


plane. | 
i ns respectively as is 


plane, they project along the [211] and [211] directior em 
required by Frank’s projection rule stated earlier. The boun lar r m 
mixed character, and the angle of rotation is approximately 11 min abou 


the [011] axis. 


Table 3. Crystallographic analysis of the network in fig. 4. The vector 
r” is given in the foil plane (113) and r in the network plane (121) 


within 5° 


Set r” r b e 
AB [110] [321] a/2[11T] [10] 
CD 10° from [101] a2 111] [321] 
[211] aj?[111) 
a[010] 


Evidence for a reaction producing an edge dislocation with the Burgers 
vector «(1005 seems to have been found. Figure 5(a) shows a long 
dislocation AB which is intersected frequently along its length. The nor- 
mal to the foilis close to [113]. Itisintersected at E by another dislocation 
CD and a new segment EF is produced. As the foil is tilted for the (121) 
reflection (fig. 5 (b)) the dislocation CD has disappeared, hence its Burgers 
vector is a/2{111}. From the projected length and direction, the disloca- 
tion CD is found to lie close to its serew orientation. The dislocation AB 
also lies close to the [111] direction which makes an angle of 6° with the foil 
plane. Since most of the isolated dislocations in the annealed iron lie 
along their screw orientations, we have assigned the Burgers vector 
a/2[{111] to AB. The resultant dislocation then has the Burgers vector 
a[010]. The direction of EF, projected back to the plane of reaction 
(101), is found to be [101]; hence it is an edge dislocation. 


§ 6. Discussion 


In the foregoing analyses the Burgers vectors of dislocations have been 
determined first by applying the kinematical theory of electron diffraction 
contrast at dislocations ; i.e. by tilting the specimen for reflections for which 
the contrasts disappear and also by examining changes in contrasts under 
different reflecting conditions. In addition to the crystallographic 
directions, the magnitude as well as the relative sign of the Burgers ae 
has been determined by identifying the value of g.b associated with tl 
images. Then the directions of Burgers vector have been determi " 
independently, from the erystallographie analysis using Frank's in 
under the assumption that the networks represent grain Bes m : 
from long-range stresses. It is found that the Burgers vectors so obtained 
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agree with those obtained from the diffraction studies. Since the grain 
boundary theory is purely geometrical and exact, while the kinematical 
diffraction theory is an approximation to a much more complicated theory, 
these results are viewed as a verification of the kinematical theory. The 
finding that invisibility results for g. b= 0 for orientations up to 35? from 
pure screw is an extension of the results of the kinematical theory. 

The results of the crystallographic analyses are consistent with the 
dislocation model of low-angle grain boundaries in every detail. The 
observed networks obey Frank's formula and thus have no long-range 
stresses. ‘These networks, observed mainly on (011) planes, consist of two 
a[2(111) dislocations lying approximately along the directions bisecting 
the (111) screw orientations and the (211) directions. At the junctions, 
short segments of a{100) dislocations are produced along their screw 
orientation. The two «/2(111) dislocations achieve mechanical equili- 
brium with the «(100) dislocation by making an angle of 90? between 
themselves. To compare the observed angle with theory, we have carried 
out a variational calculation of the equilibrium angle using the isotropic 
elastic theory of mixed dislocations. Such a calculation was first carried 
out by Amelinckx and Thomson (1957) for the networks in rock salt, 

Fig. 6 


o 


[ui] 


A dislocation node in (011) plane. The equilibrium angle « is determined by 
minimizing the elastie energy of the segments OB, BP and BQ. 


resulting in close agreement with the observation. Figure 6 shows a 
junction of a dislocation network lying in the (011) plane. From the sym- 
metry of the network, the mid-points OPQ may be considered as fixed. 
OB represents an a[100] dislocation in screw orientation, and BP and BQ 
are the segments of the a/2(111) dislocations. "Thenodalpoint B is allowed 
to move along the line connecting O and M so that the lengths of each seg- 
ment as well as the angle 2x are varied, and the equilibrium angle is obtained 
by minimizing the total elastic energy. This procedure differs from that of 
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Carrington et al. (1960) who determined the equilibrium angle by de 
condition that the vector sum of the line tensions, taken as vectors along the 
lines, shall be zero. "They obtained the line tension from the expression of 
the energy per unit length of a mixed dislocation given below but neglected 
the additional forces associated with the variation of line energy with line 
orientation. That is, even in an isotropic material the line tension 1s 
anisotropie, so that the line not only tends to shorten but also to turn 
towards orientations of lower energy. An elementary application of the 
calculus of variations shows that the orienting force acts in such a way 
that the dislocation lines remain straight but that the equilibrium angles 
between them are changed. 

According to the isotropie elastie theory (Cottrell 1953), the energy per 
unit length of a mixed dislocation is: 

EAU(I—r»cos8) -. = «= os 92) 
where b is the Burgers vector, f is the angle between the dislocation line 
and its Burgers vector, v is Poisson's ratio, and A =p In (7,/79)/47(1 — v) 
in which p is the shear modulus, and 7, and r, are the cut-off radii of the 
elastic stress field. By writing OM — v, PM=y, and = cos (4/3/3), the 
total elastic energy is given by: 

E — $Aa*y esc a[1 — v cos? (J. — a) ] + Aa?(1 — v)(x — y cos a). (3) 
When Æ is minimized with respect to «, one obtains: 

v[cos acos? (j —a)—sinesin2(j—a)—$]--($—0080)—0. — . (4) 
On taking v=}, the equilibrium angle 2« is found to be 103°, a result which 
is insensitive to the choice of v. This is approximately 13? larger than the 
observed value and 6° larger than the value obtained from the simple line 
tension approximation (Carrington et al. 1960). The fact that the observed 
angle is smaller than the calculated value indicates that the line tension of 
an a100% dislocation, relative to that of an a/2(111 ) dislocation, is larger 
than that given by theory. This may arise from the differences in energy 
and size of dislocation cores, from crystal anisotropy, or from long-range 
dislocation interactions. The calculation may be repeated if all of these 
contributions are lumped into a single parameter B and added to the 


original line tension of the a (100) dislocation. When the observed value of 
œ, 45°. is inserted into the final expression, one finds: 


; BEO JM (5) 
Since the original line tension of the (100) dislocation is 0:67.40? the line 
tension of the «(100) dislocations, as measured against the line tention of 


the a/2 (111) dislocations, is approxi i 
s S, ipproximately 25% higher tha 
expected from elementary theory. pes eis: 


: The process of formation of the observed networ 
interaction between intersecting dislocations, has been discussed elsewher 

(Read 1953, Liand Needham 1960 and Li 1961). It can be ne : Ae A 
twist boundary is formed by two sets of a/ 2111) coreg aliens ; a e 
same hand, which is verified in the present study. On the OE M 


ks, based on the elastic 
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when two screw dislocations of opposite hand meet on {110} planes, the 
crystallographic restrictions imposed by the elastic interaction are such that 
«(1005 edge dislocations are produced. Although the reaction itself 
does not lower the strain energy, it is expected to occur if it reduces the total 
length of dislocations. A variational calculation similar to the previous 
one shows that the equilibrium angle 2« is close to 50°. 


§ 7. SUMMARY 


The method of determining the Burgers vectors of dislocations observed in 
the electron microscope from the kinematical theory of electron diffraction 
contrast at dislocations has been applied successfully to obtain the erystal- 
lographic nature of dislocation networks in annealed iron. The results of 
the analysis have been confirmed by an independent crystallographic 
survey using Frank’s formula for determining the dislocation content of a 
grain boundary. 

In addition to the crystallographic directions, the magnitude and the 
relative sign of the Burgers vectors of dislocations have been determined 
from the experiment by applying the kinematical theory. The contrasts 
at dislocations vanish in accordance with the invisibility criterion g. b — 0 
for screw dislocations as well as for dislocations of mixed type at an angle 
up to 35? from serew orientations. 

The majority of the networks lie in {110} planes, and thus represent pure 
twist boundaries. The twist boundary consists of two a[2(111) disloca- 
tions lying in directions about 10? from serew orientations toward the 
(112) directions. The angle between them is, therefore, approximately 
90°. The Burgers vector of short segments of dislocations produced at 
the junctions has been positively identified as a(100). These segments 
are pure screw dislocations in the {110} planes. 

The network configuration corresponding to the minimum elastic energy 
is not identical to that predicted by the simple line tension approximation. 
In the minimum energy configuration, calculated by isotropic elasticity, 
the angle between the a/2(111) dislocations is 103°, while the angle 
actually observed is approximately 90°. From the discrepancy, it is 
found that the line tension of an a{100) dislocation is approximately 
25% higher than that given by theory when measured against the line 
tension of the a/2(111) dislocations. 

The elastic theory prediets correctly that the twist boundary is formed 
by two sets of a/2 (111) screw dislocations of the same hand. When two 
screws of opposite hand meet on {110} planes, an «(100 ) edge dislocation 
is predicted. Some evidence for such a junction is presented. 
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Measurements of the Remanent Magnetization of some Individual 
Magnetic Particles Near the Single-domain Size 
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ABSTRACT 


Results of remanence measurements on individual small particles are 
reported. The measurements were carried out on a very fine quartz fibre tor- 
sion balance, the quartz suspensions being of the order of 0-5 p in diameter, 
The specimens had linear dimensions of the order of 1 K, which is near the 
critical size for single-domain behaviour in some of the materials investigated. 
Evidenco of discontinuous jumps in the remanence-field curves was detected, 
and in some cases a decrease in remanance on increasing the magnetizing 
field was observed. 


$1. INTRODUCTION 


THERE is much evidence, both theoretical and experimental, that suffici- 
ently small ferromagnetic particles will exis& as single domains. An 
extensive review of work in this field has been given by Wohlfarth (1959). 

The present work was undertaken in order to investigate the remanence- 
field characteristics of individual particles near the single-domain size. 
The number of investigations on individual magnetic particles is somewhat 
limited owing to the difficulties involved in making measurements on 
1p specimens. Morrish and Yu (1956) reported measurements of the 
remanent magnetization of single particles of y-Fe,0, using a technique 
similar to that employed in the present work, and they observed very 
distinct discontinuous jumps in the remanence-field curves. Observa- 
tions of powder patterns on single MnBi particles (Shur et al. 1960) 
demonstrated the single-domain nature of these particles. Similar 
effects were noted with sub-microscopic iron particles (Kronenberg 
1959). 

The measurements reported below were carried out on a very fine 
quartz fibre torsion balance, described elsewhere (Muirhead 1962). 
Essentially the balance consisted of an inverted quartz 'T-piece suspended 
between two sets of coils (one for producing a uniform horizontal field, 
and the other a field gradient) by a quartz fibre of the order of 0:5 p in 
diameter. Specimens in the form of single particles about 1 p in diameter 
were attached to one arm of the T-piece, and a measure of the remanent 
moment as a function of applied field was obtained by noting the angular 
deflection of the suspension on the application of a field gradient. The 
results include measurements on particles of dilute alloys of nickel and 
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cobalt in gold, a pure nickel whisker, particles of ferroxdure and particles 
of ferromagnetic MnBi. Results for each material are discussed in the 
following sections. 
§ 2. RESULTS 
2.1. Dilute Alloys of Cobalt and Nickel in Gold 

Studies of dilute alloys of the ferromagnetic elements in a non-ferro- 
magnetic matrix are a valuable source of information on the magnetic 
behaviour of small particles. The major work in this field has been 
reviewed by Wohlfarth (1959). 

Fig. 1 


Deflection 


Field (oe) 


-1400  -1000 -600 -200 1000 


600 1400 


lp particle of 1% nickel in gold. 


Alloys were prepared by dissolving 1% nickel (cobalt) 
argon are furnace, and then homogenized at 1000°c for several days 
At this temperature all the nickel (cobalt) was dissolved aad it E 
retained in solid solution by rapid quenching from this tom per: fe i 
Annealing at an intermediate temperature (500°c) caused ore i it tion 
of the nickel (cobalt) in the form of small particles. Recent ES) bus pu 
that these particles are of plate-like shape (Gaunt and Silcox 1987 E 
size of such precipitated particles may be varied from well belo i n 
above the single-domian size by appropriate variation of the ti De 
temperature of anneal. Magnetie measurements on the allo isi a 
Sucksmith balance, indicated that the precipitates oia & Se i 
single-domain particles. Small particles were obtained by fili Roe. 
on a tungsten carbide file. eee OS 

Measurements on a large particle of the NiAu allo 
diameter, produced a smooth remanence-field loop simil 


in gold in an 


about 100 in 
ar to that observed 
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in normal bulk material, as was expected. The value of the field required 
to reduce the remanence to zero, Hr, was 675 0e. The loop for a lu 
particle of the same material is shown in fig. 1. In this case there is 
evidence of discontinuous jumps. Hy had the same value as in the previous 


Fig. 2 
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Detailed results from the specimen of fig. 1. 


Fig. 3 
Deflection | 


Field (Koe) 


lp particle of 1% cobalt in gold. 


case. Measurements over the first part of the loop in fig. 1 are shown in 
fig. 2, where very distinct steps can be seen. In view of the small critical 
size for single-domain behaviour in nickel it seems unlikely that these 
steps represent the reversal of magnetization of individual precipitate 
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particles. It is more probable that they correspond to the reversals of 
clusters of such particles. 

Measurements on a lp particle of the CoAu alloy are given in fig. 3. 
Indication of discontinuities is again apparent, and there also occurred a 
decrease of remanent magnetization, measured in the direction of the 
applied field, at several points on the curve. This phenomenon occurred 
in several particles of the other materials investigated, and some tentative 
suggestions are made later regarding the origin of the effect. 


2.2. The Nickel Whisker 

Electrolysis of a fine, pure nickel wire was carried out until the wire was 
sufficiently thin at one point to part under the weight of the lower portion. 
A fine whisker, approximately 50 u long and 5 u in diameter, was detached 
from the end of the wire under a microscope. This size is considerably 
greater than the predicted critical size for single-domain behaviour in 
nickel. 

Fig. 4 
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Field (œ) 


A =2000 -1500 


-1000 


Nickel whisker. 


t of the remanence- 
he loop from which 
As the specimen was a solid 


piece of nickel the discontinuous jumps which can be seen must represent 
'esen 


domain-wall movements, i.e. they are Barkhausen jumps. There al 
"v. y 7 V 1 : : 
occurred a decrease in remanence resulting from. an increase in a lied 
1 ] t . ot 
field, as noted in the dilute alloy particles. Hr was 450 oe o. 
3 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Se 3 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
Remanence Measurements on Individual Small Particles 1365 


much higher than My, for bulk nickel. This seems reasonable, since the 
coercivity, hence H}, does not increase abruptly on the transition from 
single- to multi-domain behaviour, but increases gradually as the particle 
size increases (cf. the results obtained by Bertaut (1953) with iron powders). 


2.3. Ferroxdure 

According to Went et al. (1952) the critical diameter of a spherical 
particle of ferroxdure is 1-54. This large size makes ferroxdure a suitable 
material for study by the present method. A large particle of this 
material gave a smooth loop similar to that of bulk ferroxdure, again as 
expected, and F, was 1850 oe. Figure 5 shows the loop obtained from a lg 
particle. Discontinuities are apparent, and negative jumps in remanent 
magnetization occurred at several places round the loop. Hy, was 
750 oe, which is considerably less than the value for the large particle. 
This is contrary to normal behaviour since a decrease in particle size is 
usually accompanied by an increase in Hy. However, this observation 
may tie in with some results obtained by Van Oosterhout and Klomp 
(1962) with magnetite powders. They found the coercivity of coarse 
j magnetite powders increased with mechanical grinding, the increases 


—- 


Fig. 5 
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being attributed to strains set up in the particles by the grinding action. 

On annealing out the strains the coercivity of the powder decreased, and 

on regrinding the same powder there was no such marked increase in 
coercivity, indicating that the grinding action was much less effective in 
producing strains in the smaller particles. The experiment demonstrates 
a mechanism whereby large particles can have higher coercivity than 
smaller ones of the same material, and it is offered as a possible explanation 
| of the higher value of H, observed with the larger fer 


ue c roxdure particle. To 
| examine the feasibility of this postulate a sample of the ferroxdure powder 
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was annealed. For a large particle of the annealed powder Hr was 390 oe, 
indeed less than the value for the small, unannealed, particle. However, 
this single experiment on one particle is not conclusive, and further 
verification is desirable. 
2.4. Ferromagnetic MnBi 

Another substance with a large critical size is MnBi: according to 
Weil (1951) the critical diameter of a spherical particle of MnBi is about 
0:Sp. A quantity of MnBi was prepared by heating a powder of man- 
ganese and bismuth, containing 25% by weight of manganese, for three 
hours at 700?c under an atmosphere of helium. The resulting ferro- 
magnetic compound was allowed to cool slowly, and then ground several 
times. Several magnetic separations were carried out with an a.c. 
electromagnet. 

Fig. 6 
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A remanence loop from a 1 u particl i nll Sea QoS rs pas 
This is the second x of RUN one E 
d particle, taken as à check 

on the reproducibility of the balance, and the results were found 
reproduce themselves very well. There are some very clear ste Dun ; 2 
curve, and these may well correspond to the reversal of sin m ws 
partieles in view of the large critical size of MnBi This ee eins 
implies that the specimen may have consisted of a m epe 
particles. At one point there was again observed a ne ti 1 Rd 
remanent magnetization. p amps 


$3. NEGATIVE REMANENCE EFFECT 


This phenomenon has been observed in a i i 
: : i specimen which : 
a single particle (the niekel whisker) and also in di e T 
have consisted of clusters of particles (dilute alloys, ferroxdure ae 
Soe D 1 
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Two simple ideas are proposed which may help to explain the origin of the 
effect: the first depends on inter-particle interactions, whilst the second is 
based on domain wall displacements. 


3.1. Interaction Model 
Consider two uniaxial single-domain particles with their easy axes 
parallel, and sufficiently close to each other for there to be appreciable 
magnetic interaction. Let the coercivity and magnetic moment of 
particle i be He; and m, respectively, and let the field acting on particle 1 
due to the presence of particle 2, in the remanent condition, be Hyp. 
The following conditions are applied: 
(1) M> M, 
(2) Hoa< H 
It is assumed that the remanent condition is that with the magnetic 
moments of the two particles anti-parallel, in which case the two possible 
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(a) Interaction model. (b) Well-motion model. 


states in the absence of an applied field are those represented by fig. 7 (a), 
(i) and (iii). The remanent moment in state (i), measured upwards, will be 
(m,—m,). If a magnetic field is applied in the direction indicated and 
sufficient to align the two moments state (ii) will result. If the applied 
field is then removed the remanent state will be (ii) because of condition 
(2), and the remanent moment measured upwards will be (m,— m4). This 
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is negative with respect to the moment measured in state (i) because o 
the first condition, so there is an effective decrease in remanent moment 
measured in the direction of the applied field. This simple model indicates 
a mechanism which could explain the observations; however it must be 
pointed out that the method is basically wrong, since it is incorrect to 
apply the local field concept to interacting magnetic particles (Brown 
1962). A more rigorous approach would be to set up the total energy for 
two dissimilar, interaeting single-domain particles, and determine the 
remanent states for various values of applied field. 


3.2. Wall Model 
In view of the results obtained with the nickel whisker it seems that the 
effect might be explicable in terms of domain wall displacements, and the 
following idea has been suggested (Morrish 1961). In fig. 7 (b) there is 
plotted a hypothetical curve of energy versus displacement for a domain 
wall in a small particle. If the initial remanent position of the wall is at 
point A on the curve, and a field is applied sufficient to just overcome the 
barrier B the new remanent position-will be in the small energy well at B. 
If now a higher field is applied, sufficient to move the wall to, say, C, and 
this field is then removed, the inertia of the wall on travelling down the 
energy curve may be sufficient to overcome the barrier at B and the wall 
will revert to its original remanent position A. This implies a smaller 
remanent moment for the particle, measured in the direction in which the 
field is applied, than that measured when the wall is at position B. Again, 
this is a very oversimplified model, and it is difficult to assess the accuracy 
of the model since so little is known about the motion of domain walls in 
small particles. However, it is offered as a possible interpretation of the 

observations. 
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ABSTRACT 


NaCl crystals were plastically bent at room temperature, under controlled 
conditions, and then vibrated in push-pull deformation at low stress ampli- 
tudes. The potentials developed on surface electrodes during vibration were 
investigated. It has been possible to distinguish between charge effects duo to 
edge and to screw dislocations. ‘Results indicate that edge dislocations in a 
nominally pure crystal bear a negative charge, whereas those in an oxide-doped 
crystal bear a positive charge ; these conclusions are complementary to those 
of Rueda and Dekeyser who used an indentation technique. No charge 
effects due to screw dislocations were detectable. Results are compared 
qualitatively with the theory of Eshelby e£ al. and found to be in agreement. 


$1. INTRODUCTION 

Tar theory of Eshelby ef al. (1958) suggests that edge dislocations in ionic 
crystals should bear an electrical charge compensated by a Debye-Huückel 
charge cylinder of opposite sign. Many workers have observed an electrical 
charge flow during the plastic deformation of nominally pure NaCl and 
interpreted this in terms of a charge on dislocations (e.g. Remaut ef al. 
1960, Remaut and Vennik 1961, Rueda and Dekeyser 1961, 1963, Caffyn and 
Goodfellow 19622). Whitworth and Glen (1963) have pointed out that in 
order to deduce the sign of the charge on dislocations it is necessary to 
understand in some detail the nature of dislocation motion during deforma- 
tion; in most of the experiments to date this is not sufficiently clear. 
The present paper is concerned solely with the determination of the sign 
of the charge along dislocations in NaCl. 

Rueda and Dekeyser (1961, 1963) investigated the charge flow associated 
with the indentation of thin crystal plates. Electrodes were situated at 
various points on the crystal surface and in general on the upper and lower 
faces. On the assumption that the dislocations moving away from the 
indenter controlled the sign of the charge flow it was concluded that disloca- 
tions in nominally pure NaCl carried a negative charge. In crystals 
doped with Na,O, this sign was reversed. Whitworth and Glen (1963) 
and Caffyn and Goodfellow (1962 b) present somewhat sophisticated argu- 
ments which suggest that the dislocations moving towards the indenter 
may be the more important. But in view of the more recent results 
(Rueda and Dekeyser 1963) these interpretations now seem unlikely. 
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In another type of experiment, crystals are first bent to give an excess 
of dislocations of one geometrical sign and then subjected to either cyclic 
bending or push-pull (Remaut ef al. 1960, Remaut and Vennik 1961). 
It was deduced from these experiments also that dislocations carried a 
negative charge. These experiments have been criticized by Caffyn and 
Goodfellow (1962b) on the grounds that the operative slip systems were 
not stated. It will be shown below that this is very important. 

In a third experimental arrangement Caffyn and Goodfellow (1962 a) 
determined the potential difference between electrodes placed at the 
neutral axis and at the tension and compression faces of a crystal during 
pure bending. Both the tension and compression electrodes were positive 
with respect to that at the neutral axis. On the assumption that more 
dislocations move away from than towards the neutral axis it was concluded 
that edge dislocations were positively charged. However, it is known that 
dislocations are nucleated originally at the tension and compression surfaces 
of bent crystals, where the stress is highest (see e.g. Bruneau and Pratt 
1962). It thus seems more likely that these dislocations moving towards 
the neutral axis are the more important and this leads to the opposite 
conclusion of Caffyn and Goodfellow. 


Fig. 1 


Tension Face 


/ 
Compression 
F Face 
Neutral Axis (a) 


(b) 


Modes of bending in NaCl-type ionic crystals. (a) Two-dimensional slip 
sources ; (b) three-dimensional slip sources. 


It is clear that experiments involving bent crystals need careful inter 
pretation. An elucidation of the modes of bending of {100} Saved b ds 
of NaCl-type ionic crystals is provided by the recent work of Br ee 
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geometrical sign as only dislocations moving away from the neutral axis 
can escape at the tension or compression surfaces. In 2D-slip the majority 
sign of the edge dislocations is the same above and below the neutral axis 
and these dislocations will accommodate the lattice curvature: in 3D-slip 
the majority sign of the screw dislocations is different above and below the 
neutral axis. 

This paper describes experiments in which crystals of nominally pure 
NaCl and crystals doped with Na,O, were bent to produce 2D- or 3D-slip 
and then oscillated in push-pull deformation. In this way it has been 
possible, for the first time, to distinguish between charge effects due to 
edge and screw dislocations. Edge dislocations bear a negative charge in 
nominally pure NaCl but no charge has been detected on screw dislocations. 


$2. EXPERIMENTAL 


Melt-grown single crystals of two types were used : nominally pure, 
and a crystal grown from a melt containing 2 wt. % of Na,O, as used by 
Rueda and Dekeyser (1963). Specimens measuring 5x7x35mm were 
cleaved from these crystals and annealed at 650°c to remove cleavage 
strains. Deformation was accomplished in a 4-point bending jig, with inner 
and outer knife edges 20 and 30 mm apart, in an Instron testing machine. 
The operative slip systems were determined by combined observations 
of stress birefringence, surface slip steps and etch pits. With the applied 
load normal to the large faces of the specimen slip developed almost 
exclusively in the 2D-mode ; a few specimens ( ~ 1095) showed a mixture of 
2D- and 3D-slip and these were rejected. To induce 3D-slip, specimens 
were strained in the above orientation just to the yield stress and then 
rotated through 90° and deformation continued. The slip sources nucleated 
during the first strain continued to operate in the subsequent strain 
giving 3D-slip. About half of the specimens thus deformed showed almost 
exclusively 3D-slip ; the rest showed a mixture and were rejected. In both 
modes of deformation slip occurred on both the two possible slip systems. 
For a particular region of the crystal slip was confined generally to only one 
of these systems but the system varied along the length of the specimen and 
also on each side of the neutral axis. All specimens were bent at room 
temperature to an outer fibre plastic strain of ~0:75%. 

After bending, the ends of the crystal were cleaved off to leave that part 
of the crystal between the inner knife edges. Many crystals were then 
sectioned lengthwise by cleavage or by polishing on a water lubricated 
plate. Specimens were mounted in the push-pull vibration jig with 
araldite leaving the central 10 mm exposed, fig. 2. Electrodes of silver 
paint 1-2mm diameter were applied at various points on the specimen 
surface. 

The vibration and electronic techniques have been described previously 
(Remaut et al. 1960, Remaut and Vennik 1961) and permitted simultaneous 
observation on a two-channel oscilloscope of the applied mechanical strain 
and the resulting electrical signal. The phase relationship between the 
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mechanical and electrical signals, amd the decay characteristics of a 
electrical signal, have also been described earlier; here we are ee 
only with the sign of the electrical signal during each halt of T 2 ges 
Specimens were oscillated in the frequency range ue ae e 
amplitudes well below the flow stress. Undeformed crysta s or = D 
crystals annealed at high temperature showed no electrical ae e 
stress amplitudes used in these experiments. | The observed e : o 
signals can be associated therefore with the dislocations d by 
bending, any dislocation multiplication being improbable at the stress 
amplitudes used. z : 

All results quoted below denote the sign of the observed potential during 
the compression half of the cycle; the opposite sign was found during the 
tension half. 


Fig. 2 
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Experimental arrangement to deform bent crystals in push-pull (curvature 
of specimen exaggerated). 


$3. RESULTS 


3.1. Pure Crystals Deformed in 2D-slip 


Results for three typical samples are illustrated in fig. 3. 

In all cases the potential obtained during the compression cycle was 
negative at the tension face and positive at the compression face (a, b, c). 
Sections obtained by polishing, to expose surfaces parallel to the tension and 
compression faces, showed also a negative potential on the face nearest 
the original tension face and vice versa. This was irrespective of the 
original location of the section, some specimens being taken wholly from 
one side of the neutral axis (b). 

Electrodes placed on the external side faces developed a negative poten- 
tial when on the tension side of the neutral axis and a positive potential 
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when on the compression side (a). These relationships were shown also 
on faces obtained by cleavage perpendicular to the original side faces 
(c); again this was irrespective of the location of the fresh surface. The 
magnitude of the signals on the side faces was largest when the electrodes 
were placed near to the compression or tension face and fell away to zero 
near the neutral axis. 


atii 


Fig. 3 
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Signals obtained during the compression half of the cycle round the central 
section of the specimen. (a) Complete specimen ; (b) specimen (bold line) 
obtained by polishing parallel to the compression and tension faces ; 
(c) three specimens obtained by cleavage parallel to the side faces. 


3.2. Na,O,-doped Crystals Deformed in 2D-slip 

The sign of the potentials in these crystals was the exact opposite of those 
described above. The magnitude of the signal for a given strain amplitude 
however was generally about an order of magnitude less than that in pure 
crystals. 

3.3. Pure Crystals Deformed in 3D-slip 

The sign of the signal developed on either external or sectioned faces 
in these crystals did not show reproducible behaviour. The sign of the 
potential often varied at different points on the same surface and sometimes 
changed sign as the strain amplitude increased. The magnitude of the 
signal for a given strain amplitude was 5-25% of that for pure crystals 
deformed in 2D-slip. 


$4. Discussion or RESULTS 


A number of assumptions are implicit in the interpretation of the results. 
It is assumed that dislocations become charged as they move through the 
erystal during the initial deformation; a compensating charge is left in the 
lattice and this presumably comprises a preponderance of point defects 
of one sign. During the subsequent push-pull deformation these disloca- 
tions then move to and fro, giving rise to a system of oscillating dipoles and 
hence induced charge effects at the surface of the crystal. Effects due to 
the creation of new dislocations should be unimportant; the stress ampli- 
tudes used were much smaller than the flow stress of the crystals tested, 
and also, well-annealed crystals vibrated at similar amplitudes showed 
negligible signals. 
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The present results for pure crystals are consistent with a hypothesis that 


the observed charge effects are associated only with a negative b 
edge dislocations. Consider 2D-slip. It is seen from. fig. s R 
majority geometrical sign of edge dislocations is the same on bee n sides o 

the neutral axis. These dislocations move towards the tension face 
during the compression half of the cycle and vice versa. The effect = 
dislocations of the minority geometrical sign is assumed to be small. 
During the compression cycle therefore a negative potential appears on the 
electrode at the tension face and a positive potential on that at the compres- 
sion face. The movement of two dislocation loops on the same 2D-slip 
plane, but on opposite sides of the neutral axis, is visualized in fig. 4. 
This assumes that the compensating point defects are arranged as Debye- 
Hückel charge cylinders; this is not necessarily so, but the arguments 
presented here are not radically affected by this. 


Fig. 4 


“Tension Face 


Compression 
Face 


Movement of two 2D-dislocation loops during the compression half of the 
cycle. Dotted line—original position ; solid line—new position. 


If charge effects for screw dislocations were comparable with those for 
edges, then the potential on electrodes at the side faces should depend on the 
location of the face. This is not so, and the potential on a side face is 
sympathetic to the potential found on the adjacent compression or tension 
face and changes in sign about halfway across the crystal. This behaviour 
is simply understood in terms of the edge dislocations. For example, in 
fig. 4, electrodes at E will develop a negative potential, being nearer the 
negative ends of the dipoles, and those at E’ a positive potential. 

This absence of charge effects for screw dislocations could be due to a 
special distribution of screw dislocations involving similar numbers of 
dislocations of both geometrical sign throughout the crystal. However 
such a distribution is unlikely for crystals deformed in 3D-slip; here hers 
should be a preponderance of screw dislocations of one geometrical sion 
see fig. 1, although the sign will be different on each side of the neutral axis, 
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A significant charge effect due to screw dislocations would be manifested as 
a reproducible potential at electrodes on the tension and compression faces 
and on a face sectioned along the neutral axis. But this is not found. 
In crystals deformed in 3D-slip the charge effects again appear to be due to 
edge dislocations; as there are similar numbers of edge dislocations of 
each geometrical sign a consistent electrical behaviour is not expected. 

A further reason for the lack of evidence for charge on screw dislocations 
might be found in the relative mobilities of edge and screw dislocations. 
It is known in Lif, for example, that although both edge and screw disloca- 
tions begin to move at the same stress the velocity of edge dislocations 
is the higher by 50 times (Johnston and Gilman 1959). There are no data 
for dislocation velocities in NaCl but Mendelson (1962) estimates, from 
studies of slip bands in lightly deformed crystals, that the distance moved 
by edge dislocations in a slip band is only some two or three times that 
moved by screws. Furthermore, the distances moved by edge and screw 
dislocations in NaCl crystals during push—pull vibration, as indicated by 
etch pit observations, are similar (Davidge and Whitworth 1961). It 
szems likely therefore that the charge, if any, along screw dislocations is 
small compared with that on edges. 

It can be demonstrated by similar arguments that the electrical effects 
in the oxide doped crystal are associated with a positive charge along edge 
dislocations. 

The conclusions reached above concerning the sign of the charge on 
dislocations in nominally pure and Na,O,-doped crystals agree with the 
results of Rueda and Dekeyser (1963) who used an indentation technique. 
Nevertheless, there is an important difference between the two methods. 
The indentation technique measures the sign of the charge during and 
immediately after deformation, whereas the present technique investigates 
this charge a considerable time after deformation (up to two weeks). 
Thus, as both techniques give the same results, the sign of the instantaneous 
charge formed at room temperature appears to be stable; it will be shown 
below that this charge corresponds to the equilibrium charge calculated 
from theory. 


$5. COMPARISON WITH THEORY 


The paper thus far presents very strong evidence that edge dislocations 
in nominally pure crystals bear a negative charge at room temperature. 
It is of interest to compare this result with the theory of Eshelby ef al., 
the relevant points of which are presented below. Charge effects arise 
when the energies of formation of positive and negative ion vacancies, g4 
and g_, are unequal; in NaClg,<g_. This gives a favoured production 
of positive ion vacancies and, under a condition of thermodynamical 
equilibrium, dislocations in a genuinely pure crystal will carry a positive 
charge which is compensated by a Debye-Hückel charge cylinder of 
opposite sign. However, all crystals of nominal purity contain a small con- 
centration of divalent cations. At high temperatures (above about 550°c) 
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the effect of impurities is small, because of the high concentration of thermal 
vacancies, and dislocations should be positively charged. At e 
temperatures the number of positive ion vacancies is controlled 2 a 
concentration of impurities in solution. Ionic conduetivity data idi 
that the number of positive ion vacancies remains constant down to ~ 250 c 
but decreases below about 250°c when association and precipitation of 
impurities occurs (for current data see Dreyfus and Nowick 1962). EU 
of this complex behaviour the sign of the charge on dislocations in the 
impurity controlled range may in principle change several times as & 
function of temperature. 
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Temperature dependence of the sign of the charge on edge dislocations in 
nominally pure NaCl. 


The charge on dislocations is zero when the actual concentration of posi- 
tive ion vacancies, o, is equal to the concentration, o", inferred by neglect- 
ing the presence of impurities and the condition of bulk neutrality. 
a’ =exp(—g,/kT)=A,exp(—g,/kT), where A, is a constant, g? the 
energy of formation of a positive ion vacancy at 0?x, and kT has the usual 
significance. The exact value of g,? is uncertain but the theoretical value 
of Mott and Littleton (1938) will be used, 0-65ev. The constant 4. is 
also not exactly determinate but 1 < A, <(5-2)?; a value of 5-2 is used here: 
The variation of o^ is plotted in fig. 5. At temperatures where the curve 
for « crosses this line the charge on the dislocation will change sign. The 
concentration of divalent cations in the crystal is estimated at 10-5 and the 
expected behaviour of o, in the impurity controlled range, is sketched in 
fig. 5. c remains constant at 10-9 down to ~250°c and then falls due to 
association and precipitation effects. The curves intersect at ~ 30090: 

dislocations should be positive above this temperature and vice SOS 
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This critical temperature must necessarily be very approximate because of 
uncertainties ing,°, A, and a. However, for all probable values of these 
quantities, the critical temperature should be well above room temperature. 
A second change in sign could occur at lower temperatures but the required 
values of « seem prohibitively low on comparison with solubility (Haven 
1955) and conductivity (Dreyfus and Nowick 1962) data for divalent 
cations in NaCl. "Theory and experiment are therefore in agreement that 
the sign of the charge on edge dislocations is negative at room temperature. 

Itremains to comment on the positive charge found on dislocations in the 
oxide-doped crystal. Brown (1961) has considered the case when divalent 
anions are present. Apart from the two regions discussed above Brown 
suggests that at low temperatures there may be a ‘pseudo-intrinsic’ 
region where dislocations will again be positively charged. This occurs 
when the concentrations of positive and negative ion vacancies in solution 
become equal so that the concentrations of vacancies fall to their true 
equilibrium values. It is possible that the present doped crystals comply 
with this condition at room temperature. 
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ABSTRACT 


Earlier measurements of reflectivity changes in evaporated two-layer 
gold-lead films by Schopper were explained in terms of a gradual precipitation 
of AuPb, which was equivalent to a gradual concentration change. Changes 
occurred only at the gold surface and these were attributed to diffusion of the 
lead atoms. New measurements have been made which show that the 
reflectivity changes at the gold surface are due to a moving phase boundary 
rather than a gradual concentration change, and that corresponding changes 
take place at the lead surface but no reflectivity changes occur simply 
because the reflectivity of the compound formed is the same as the reflectivity 
ofpurelead. For the full reflectivity change to be produced the lead has to be 
at least 3-6 times as thick as the gold, and under these conditions the gold 
layer is completely converted to AuPb,. These changes cannot be explained 
by the earlier theory which is strictly applicable only to perfectly miscible 
motals. 

Diffusion rates have been measured over a range of temperatures to 
obtain an activation energy of 17-1 kcal/mole+1-5% and the changes are 
attributed to diffusion of gold into lead with formation of the compound AuPb,. 
This gives a diffusion rate D=18-9 x 10-15 em?[sec at 20°c and D,=0-1lem*/sec. 
No evidence of grain-boundary diffusion has been found and diffusion appears 
to be due to a vacancy mechanism. 


$1. INTRODUCTION 


DirrusioN couples can conveniently be prepared by vacuum deposition 
of two films in succession, one on top of the other. This gives films of 
uniform thickness with intimate contact along the common interface. 
The progress of diffusion cannot be followed by sectioning as in bulk 
metal couples, or by radioactive tracer methods, since the films have 
negligible absorption for the emitted rays. It is, however, a simple matter 
to determine the time required for the diffusion zone to extend to the 
outer surface of one of the metal films or for the one film to be penetrated 
completely by atoms of this other metal. When this happens, the com- 
position of the metal surface changes and its physical properties are affected. 
The variation of the optical reflectivity with time has been used to detect 
these composition changes in thin film couples of gold-lead (Schopper 1955) 


and in thin film diffusion couples of gold-aluminium (Weaver and Brown 
1962). 


T Now at McMaster University, Hamilton, Ontario, Canada. 
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In the ease of gold-aluminium, the results were characteristic of the 
motion of a sharply defined reaction boundary, the reflectivity at the metal 
surface remaining constant for a time at the reflectivity of the pure metal 
and then dropping fairly suddenly to a much lower value at which it then 
remained constant. The reflectivity began to drop at a time f, when the 
reaction boundary was sufficiently close to the surface for the remaining 
layer of pure metal to be no longer opaque. The reflectivity stopped 
changing at a second time £j when the reaction boundary actually reached 
the metal surface. This was confirmed by assuming a suitable value for 
the depth of light penetration and calculating the ratio f,/f.. The values 
agreed with experimental values over a wide range of film thicknesses. 
The motion of such a reaction boundary follows the parabolic law a? — D't 
(Kirkaldy 1958), where x is the distance moved by the boundary in time t, 
and D’ is the diffusion coefficient for the boundary. Values of D' were 
therefore calculated from the film thickness d, and the time t, when the 
reflectivity became constant. The values obtained were independent of 
the film thickness. Measurements made at both the gold and aluminium 
surfaces were in agreement but for reflectivity changes at both surfaces to be 
complete, the thickness ratio of gold to aluminium had to be exactly 2:1, 
indicating formation of Au,Al as the main compound. 

Sehopper studied reflectivity changes at the gold surface of a gold-lead 
diffusion couple whilst the specimen was heated under vacuum. The 

reflectivity dropped from a value for pure gold to a value close to the 
reflectivity of lead. The length of the initial plateau was not known with 
certainty because of the time taken for the couple to reach its ageing 
temperature but it was only a small fraction of the total ageing time. 
The ageing curves for different thicknesses of gold coincided when the 
reflectivity was plotted as a function of t |d, where d was the thickness of 
gold. The expression c=erf [d,,,/24/(Dt)] was therefore taken as a suitable 
solution of the diffusion equation and values of the diffusion coefficient D 
were calculated. 

The solid solubility of gold in lead is only 0-08 at. % and Schopper felt 

that this would not cause much reflectivity change. Furthermore. the 
f ull reflectivity change was only obtained when the lead film was at least 
twice as thick as the gold. It was therefore assumed that the reflectivity 
changes were due to compound formation rather than solid solution, and 
the compound Au Pb, was actually identified in annealed samples by x-ray 
diffraction. It was finally concluded that there was a gradual precipitation 
of this compound at the gold surface and that diffusion occurred by move- 
ment of lead atoms into the gold lattice, helped possibly by the movement 
of gold atoms into interstitial sites in the lead. 
: The proposed mechanisms in these two cases are radically different. 
Schopper's solution is strictly applicable only for miscible metals and 
predicts gradual concentration changes at any point without formation of 
any phase boundary: "The results for gold-a 


; | luminium suggest that the 
concentration at any point changes markedly when the phase boundary 
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passes that point and the reflectivity changes are due to the advance of the 
phase boundary towards the free surface rather than a gradual change of 
composition. This difference is surprising since both metal systems form 
intermediate compounds and show little miscibility. Further investiga- 
tion of diffusion in the gold-lead system has therefore been undertaken. 


$2. EXPERIMENTAL 

The procedure for specimen preparation has been described previously 
(Weaver and Brown 1962). The metals were evaporated from molybdenum 
boat-shaped heaters. The gold was always deposited first to avoid aggrega- 
tion effects in the lead which might affect the structure of the gold films. 
Lead deposited directly onto glass tends to aggregate strongly, forming 
large discrete particles. This is reduced when it is deposited on top of 
another metal. The rates of deposition were about 70 A/sec for the gold and 
400 A/sec for the lead. 

Reflectivity changes were usually observed at room temperature, 
measuring at regular intervals over a period of hours or days according 
to the film thickness. All results given are for changes at the gold surface 
which was in contact with the glass slide. No change was ever observed 
at the lead surface, even when there was a gross excess of gold, as with 
very thin lead films. 


$3. RESULTS 
3.1. Reflectivity Changes at the Gold Surface 


Alargenumber of slides were prepared with gold films varying in thickness 
from 3008 to 5050&. In each case the gold film was overlaid with a very 
thick lead film to ensure that the lead was in excess and the full reflectivity 
change at the gold surface was obtained. ‘Typical ageing curves obtained 
for a given specimen using different light wavelengths are shown in fig. 1. 
The reflectivity change with mercury yellow (30%) was greater than for 
mercury green (19%) or mercury blue (28%) and all subsequent measure- 
ments were made with mercury yellow light. The effect of varying the 
thickness of the gold film is shown in fig. 2, where the reflectivity has been 
plotted as a function of t/d?, d being the thickness of gold. ‘The length of 
the initial plateau varied with the thickness of gold for all films over 
600 A thick suggesting that the results were due to a moving phase boundary 
rather than a continuous concentration change as Schopper assumed. 

Several specimens were cut into portions so that the separate pieces 
could be aged at different temperatures from 21°c to 110°c to determine the 
activation energy. From the Arrhenius equation 

D' «Dy exp( — E[ RT) 
and log (1/D^) 2log; (1/D,) + E[2-3RTT', 
where D’ — d?lL,. 

But the curves for different portions of one slide remained the same 

shape even though the time-scale varied widely. Consequently, taking 
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Fig. 1 
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Ageing of gold-lead film at 21°c. Reflectivity changes at gold surface for a 
gold thickness of 14104. Reflectivity measurements made with 
mercury light of wavelength (a) 5790 å, (b) 5461 4, (c) 43584. 


Fig. 2 
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Ageing of gold-lead film at 21°c. Graph of reflecti ity 5 2 
thicknesses of (a) 5050 4, (b) 14104, (v) $001. nst t/d* for gold 
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the time teo for the reflectivity to drop to a fixed level of 60%, 
to = kleo; 
and substituting for ts, 
logi, f, = K + H/2-3RT 
where K is a constant. 

The value of tg, could be determined more accurately than f, and plotting 
logiotgo against 1/T gave a straight line of gradient #/2-3R. Results 
obtained in this manner are shown in fig. 3. A separate line was obtained 
for each film thickness but the slopes were identical and gave an activation 
energy of 17-1keal/mole. By taking portions of one slide, the effects of 
variations in diffusion coefficient for different specimens and of errors in 
thickness determination were eliminated, so that the experimental error 
could be no more than + 1:594 as compared with the estimated accuracy 
of +12% given by Schopper, whose results were obtained from a large 
number of separate films. 


Fig. 3 
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Graph of logio teo against 1/7", where fs, is the time in minutes for the reflectivity 
to drop to 60%, and T is the temperature in °K. Lines are drawn for 
gold thicknesses of (a) 33004, (b) 14104, (c) 6004. 


Several slides were prepared with one gold film over the entire surface 
and four separate thicknesses of the lead overlayer. A typical set of 
ageing curves obtained with such a slide is shown in fig. 4. The full reflec- 
tivity change was produced only when there was excess lead, and from 
eight slides which were examined. it was found that the lead must be at 
least 3:6 times as thick as thegold. Smaller quantities of lead usually gave 
some change of reflectivity, but thin films where the thickness of lead 
was of the same order as the thickness of gold or less gave no change in 
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reflectivity at all. This seems to confirm that the changes a dus se a 
advancing phase boundary rather than a gradual Sono cee 
Schopper claimed that a lead thickness which was twice the E t e x 
was adequate and produced the full reflectivity change but t D S. 25 
been confirmed. Figure 4 shows a case where the thickness or bes we i 
1:9 times the gold thickness but only a small change in reflectivity was 


Fig. 4 
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REFLECTIVITY (%) 


(©) 2 4 b 8 IO 
TIME IN HOURS 
Ageing of gold surface at 35°c for a gold thickness of 7354. (a) Lead thick- 
ness =820 Å (ratio of lead to gold=1-1); (b) lead thickness=1390A 


(ratio of lead to gold=1-9); (c) lead thickness=3330A and 48104 
(ratio of lead to gold —4-5 and 6-6). 


produced. In view of the large number of specimens examined and the 
detailed investigation of the thickness ratio. it seems that the critical ratio 
of 3-6 is more accurate. This ratio corresponds to a lead concentration of 
68% by weight, which is very close to the composition of the metallic 
compound AuPb;, and it suggests that this is the main compound formed 
during diffusion. 


3.2. The Reflectivity of Evaporated Gold—Lead Alloy Films 

An alloy cannot usually be evaporated in the same manner as a pure 
metal to give a homogeneous film, since the more volatile component tends 
to vaporize more readily and the first layers to be deposited are richer in 
this component than the original alloy. The only satisfactory way of 
preventing this separation of components and obtaining films of uniform 
composition, is to drop the mixed metals, a few grains at a time, onto a hot 
crucible so that the film is prepared by a series of discrete rapid evapora- 
tions. ‘This ‘flash evaporation’ technique was first used by Harris and 
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Seigel (1948) and has been used in the present work for preparing gold-lead 
alloy films of various compositions. The homogeneity of the films was 
checked very simply by comparing the reflectivity values at the glass and 
air surfaces. 

The reflectivities of films produced in this way have been plotted against 
composition in fig. 5. The two intermetallic compounds had fairly similar 
reflectivities but with mercury blue light the reflectivity of Au,Pb was 
definitely less than that of AuPb,. ‘The compound appearing at the gold 
surface during diffusion had reflectivities of 514%, 51%, 534% with 
mercury yellow, green and blue light respectively. These figures follow 
the same sequence as flash evaporated alloys of AuPb, which gave reflec- 
tivities of 52%, 5395, 56%, whereas the figures for Au,Pb follow a different 
sequence, 54%,53%,484%. The figures tend to confirm that the compound 
appearing at the gold surface is AuPb, rather than Au,Pb. 


Fig. 5 
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Graph of reflectivity against concentration for ‘ flash’ evaporated gold-lead 
alloys. Reflectivities measured at the glass surface with mercury 
light of wavelength (a) 5790 &, (b) 5461 &, (c) 4358 À. 


The reflectivity of AuPb, is almost the same as the reflectivity of pure 
lead. Diffusion of this compound to the surface of the lead would therefore 
not give any observable reflectivity change. This would explain why it 
has not been possible to make any useful measurements at the lead surface. 

Schopper tried to obtain the variation of reflectivity with concentration 
by evaporating a gold film onto a glass substrate so that the thickness 
varied linearly from one end to the other. This was then covered with a 
uniform film of lead and annealed to give a concentration gradient along the 
film. The measured reflectivities at various points along the surface 
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: ints, 
were then taken as characteristic of the concentrations at these po 


7 occur 

but this procedure is not per missible. Reflectivity changes ae Ns 
ive 

at the gold surface and the final reflectivity varies according to t i re ^ 
ace. 

thicknesses of gold and lead, but this is true only for the gold suria 


Fig. 6 


(c) 
Transmission electron diffraction patterns obtained from a 


& gold-lead film. 
(a) Gold film 1004 thick; (b) lead film 100 t e 
composite film. Pu K Ean lesa 
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The reflectivity of the lead surface remains unchanged. The two surfaces 
have different reflectivities and such a film cannot be homogeneous. In 
fact a homogeneous alloy can never be obtained in a diffusion couple if the 
overall composition lies in a miscibility gap in the phase diagram (Bückle 
1946). Such a diffusion couple will always consist of two separate phases 
with a phase boundary between them. Schopper’s films would therefore 
always be composed of two separate phases, AuPb, and gold. 


3.3. Electron Diffraction Investigation 
` Thin films of gold (100 A) and lead (100 A) were evaporated onto electron 
microscope grids covered with Formvar. Three grids were prepared, 
one with pure gold, one with pure lead and one with both metals. Trans- 
mission diffraction photographs were taken on an electron microscope, 
care being taken to use the same lens settings on the microscope so that the 
magnification of all the photographs was the same. 

Diffraction photographs of the pure metals are shown in fig. 6 (a) and (b). 
The composite film showed a completely different structure however, 
which was not characteristic of the pure metals, fig. 6(c). This photograph 
was taken 25 min after preparation of the specimen and shows that diffusion. 
had occurred within this period. The diffusion coefficient at 21°c has 
been found, by measurements at the gold surface, to be 1-45 x 10- cm? [sec. 
and this would give a penetration of 100 & (the thickness of the gold film) 
in about 10-15min. We would therefore expect diffusion to be completed 
within 25 min. 


Structure of gold-lead film aged for 3 hour at 21°c 
nr ccanNUCc ne UC Pop aic Eg wre re A E o ce Te 


D Onsen a Calculated d spacings (A) 


Number | Intensity (cm) spacing (2) 
spacing (4 


Au Pb | AuPb, | Au,Pb 
1 Ww  |053 517 512 
2 W | 0-60 4-87 er | 459 
bes £ E 3:97 
3 VS | 0-97 2-83 286 | 2-81 | 281 
4 M 141 2-47 248 | 247 
x s is 2-39 
5 w lan 2.34 2-34 
2.29 
6 M 1231 2.95 2.22 
7 W 1:36 2:02 2:02 1-98 
8 VW | 143 1-92 1-89 
9 VW | 1-52 1-80 Ler | {182 
z U-78 
10 vw | 1-61 1-70 1-71 
11 M 1-70 1-61 1-62 | 1-62 
12 W 1:82 1:51 149 | 152 | 133 
13 M 1-90 144 143 | 1-43 | 146 | 140 
422 
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The d spacings of the composite film are shown in the table. All observed 
lines may be attributed to either Au or AuPb, and as shown in column ul 
an excellent fit has been found for AuPb, (b.c. tetragonal, «— 7:32 å, 
c=5-654). Calculated reflections for Au,Pb are shown in the final column 
but if this compound had been present there should have been at least 
three extra lines spaced far enough from existing lines to be distinctly 
observable. In the absence of all three, we must conclude that AuPbs 
was the main or only phase present in the diffusion zone. Schopper (1955) 
reached a similar conclusion using x-ray analysis on a thin film diffusion 
couple. 


§ 4. DISCUSSION 

The evidence leaves little doubt that AuPb, is the only compound 
formed by diffusion. "The formation of AuPb, explains the lack of any 
reflectivity changes at the lead surface since the reflectivities of this com- 
pound and pure lead are almost identical. When diffusion occurs (and 
this is shown by the changes at the gold surface) the composition of the lead 
must change, particularly when it is relatively thin. It would be difficult 
to explain the absence of reflectivity changes in any other way, and further- 
more, AuPb, is the compound which we would expect from the phase 
diagram. 

According to the phase diagram, the compound appearing at the gold 
surface should be Au,Pb but the final value of the reflectivity at the 
gold surface and the fact that the full reflectivity change did not occur 
unless the lead film was at least 3-6 times as thick as the gold, indicates 
that the changes were due to formation of AuPb, and only complete when 
the gold was converted completely to AuPb,. The reflectivity of a 
flash evaporated film of Au,Pb was low and the presence of this compound 
would have been obvious. Furthermore, electron diffraction showed that, 
in a specimen where the thickness of lead was insufficient to completely 
convert the gold to AuPb,, the only identifiable compound was AuPb, and 
there was no trace of Au,Pb. This is not entirely unexpected since there 
5 an S ee to whether Au,Pb is completely stable at low temperatures. 
Oe eee ee that Au,Pb tended to dissociate into 
gordia 2 king which suggests that Au,Pb is unstable 


below some temperature which has not yetbeendetermined. Cold working 
would tend to accelerate any decomposition. A 


Since a definite compound is formed and thi 
surface finally drops to the reflectivity of AuPb 
the reflectivity changes to movement of the phase boundar This is 
also in accordance with the reduced reflectivity change, or ee of 


change, when the quantity of lead is reduced If 

; whe ( 3 we then 

the reflectivity starts changing at a time tı when the phase us - ie 
sufficiently close to the gold surface to affect the reflected light, and Be 8 
changing at a time t, when the boundary actually reaches the Stace 


the ratio t/t can be calculated for any gold thickness by taking a suitable 
g : 


e reflectivity at the gold 
», it is natural to attribute 
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depth of light penetration in gold. Figure 7 shows a theoretical curve 
caleulated in this way for a light penetration of 400 & which is a reasonable 
value for gold, corresponding to the thickness at which gold films are almost 
opaque. Unfortunately, this curve does not fit the experimental results 
shown in the same diagram, even though similar calculations for gold- 
aluminium, which also forms an intermediate compound, gave good 
agreement. 

On the other hand, the theory and the results given by Schopper (1955) 
predict a constant value of f,/t, for all thicknesses of gold, as shown in fig. 7. 
If the concentration changes are gradual as implied by the theory, we 
must assume that the reflectivity starts changing at a given concentration 
C, and stops at a concentration C,. But for any plane where the concen- 
tration is constant, v/24/(Dt) is constant and the motion of the plane from 
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Gold thickness against the ratio f,/fp. (a) Experimental curve ; (b) theoretical 
curve assuming light penetration 400 ; (c) theoretical curve assuming 
light penetration 1000 &; (d) theoretical line given by Schopper's theory. 


the original boundary follows the parabolic law a?/.Dt — const. (Seith 1955), 
so that, for the two planes where the concentrations are C, and C, we have 
«?/Di=K, and a?|Dt— K, respectively. The times ¿i and t, at which 
these planes will reach any given point will therefore be related and 
fills — K./K,=const. for all film thicknesses. 

Neither theory as it stands is in agreement with the experimental results. 
However, the evidence of compound formation is so clear that it leads 
almost inevitably to the assumption of a phase boundary of some type. 
Furthermore, phase formation seems to be the only reasonable explanation 
for the absence of a reflectivity change when the lead is not in excess. 
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Possible explanations of the discrepancies between theory and experiment 
have therefore to be considered. The values of t; obtained experimentally 
are always lower than one would expect from the theory. This would 
happen if the phase boundary could be detected at a greater distance below 
the surface than has been assumed. This implies an abnormal depth of 
light penetration but even if this is accepted, calculations show that the 
theoretical curves do not agree with the experimental results for any 
given depth of light penetration. A curve has been shown in fig. 7 when 
a distance of 1000 À was taken as the depth of light penetration. The 
agreement for thick gold films improves as this distance is increased but for 
thin gold films a progressively increasing discrepancy is produced. This 
explanation must therefore be discarded. > 
Another possibility is that there is some degree of initial interpenetration 
either during the deposition process or immediately afterwards. The 
effect upon (, would be relatively greater than upon f; and the ratio /;/L; 
would be correspondingly reduced. Such an effect has been claimed by 
Fujiki (1959) who made an electron diffraction study of gold and lead 
films evaporated in succession and suggested that diffusion into the upper 
film took place instantaneously on evaporation. This effect was observed 
with the gold both as underlayer and overlayer. Annealing the gold for 
one hour at 200°c completely eliminated the penetration and Fujiki 
attributed this to a change in the structure of the gold. A simple experi- 
ment was carried out to check this effect and see whether it could explain 
the diffusion results. A gold film was deposited on a glass microscope slide 
and a lead film was immediately deposited over half the area. The slide 
was then removed and divided into halves. The single gold film was 
annealed at 200^c for 1 hour 20 min in a hot air oven and then replaced 
in the vacuum chamber, and covered with a film of lead. According to 
Fujiki this treatment should have prevented any penetration. Ageing 
curves for the two halves of the slide were obtained on the hot stage reflecto- 
meter but no difference whatever could be detected. The diffusion 
coefficient was the same in both cases and the tlta ratios were identical. 
a He s eee ue ae 1 upper film as Fujiki suggested 
during evaporation, any initial s qe Hee = m 
to give high diffusion coeffici t j P wae owe ER. n x Pod fis 
could be detected. um off Pe Pe OA 
fon anion alte E Ree. 2 she e ects should be relatively smaller 
" : ne experimental discrepancy increases with film. 
thickness as shown in fig. 7. Suggestions of initial penetrati : ; 
fore unacceptable, penetration are there- 
Since effects at either surface of the gold film seem to be incapable of 


explaining the experimental results, we are forced to consider the phase 
boundary itself. The final reflectivity at the gold surface is dues d 
only when the gold is comple amne 


tely transformed into AuPb 
a : X 
phase boundary actually reaches the gold surface, buta ee n ue 


occurs ata time, before this boundary could be within a reasonable distance 
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of the surface of the gold. This reflectivity change must be due to a 
change of composition near the gold surface, and it suggests a region 
preceding the pure AuPb, phase, where the composition is neither pure 
AuPb; nor Au but must still lie between these limits. It would be logical 
to expect a zone of Au,Pb, but there is no evidence, either by diffraction 
orin the reflectivity results, of this compound being formed and its stability 
is doubtful. This region must therefore consist of a mixture of gold and 
AuPb, and the first change in reflectivity will be due to the leading edge 
of this zone as it comes close to the surface of the gold. If the composition 
changed gradually over this region the reflectivity, at the gold surface 
would also change gradually. The abrupt change which occurs can only 
be explained by a discontinuity at this leading edge rather than a gradual 
composition change. Since there is pure gold in advance of the boundary, 
this implies that the gold concentration drops suddenly from 100% to a 
much lower value. 

There is no evidence of a similar discontinuity at the other side of this 
region where it becomes pure AuPb, phase. Any discontinuity at this 
point would cause a break in the reflectivity curves at some time between 
I, and t, and this has not been observed. Consequently, there must be a 
region in advance of the pure AuPb; where the gold concentration gradually 
increases up to a limiting value as we move away from the pure AuPb, 
and then changes abruptly to pure gold. It seems logical to assume a 
limited solubility of gold in AuPb, and this is in agreement with earlier 
claims that the pure components are soluble to some extent in AuPb, 
(Hansen 195$). 

This explanation leads to the conclusion that the rate of diffusion and 
phase formation should be calculated from the time /, at which the AuPb, 
is first detected as it approaches the surface of the gold and not from the time 
ta at which the concentration gradient in the AuPb, finally disappears. 
When values of D’ were calculated in this way with an assumed light 
penetration of 400 Â at the gold surface, a mean value of 1-45 x 10? cm*/sec 
at 20°c was obtained. There was little variation with gold thickness from 
500 & to 5000 å, and no consistent trend. 

This gives the rate at which the phase boundary approaches the gold 
surface, but in the gold-lead system there is little doubt that diffusion 
occurs by motion of the gold rather than the lead atoms. ‘The lead atom 
is so large (3:5 A) that it could be accommodated only with difficulty in the 
gold lattice and a high activation energy would be expected for the process, 
probably greater than the value of 24-4 kcal/mole obtained for diffusion of 
indium into silver (Jost 1952). On the other hand, gold diffuses into lead so 
readily that interstitial diffusion has been suggested to explain the high 
diffusion rates of gold and silver in lead. Observations of diffusion of 
several elements in lead make this appear unlikely, however (Jost 1952). 
The diffusion rate increases and the activation energy decreases fairly 
consistently as the atomic size of the solute atom and the solubility 
decreases. This is in accordance with the general rule that the activation 
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energy is greatest, and diffusion is slowest for self-diffusion, and the rato of 
diffusion increases with dissimilarity of the two metals whilst the activation 
energy simultaneously decreases. Tt seems much more likely that a vacancy 
mechanism is involved and the high diffusion rates may be associated 
with the combined effects of the low activation energy for self-diffusion 
in lead and the extreme difference in atomic size. ; 

The changes in reflectivity at the gold surface must then be attributed to 
loss of gold by diffusion into the AuPb, rather than diffusion of lead atoms 
and the activation energy of 17-1 kcal/mole must be associated with the 
diffusion of gold atoms. ‘The critical thickness ratio shows that the rate of 
penetration into the lead is 3-6 times as great as the rate at which the phase 
boundary advances into the gold. The rate of diffusion for the gold must 
therefore be 13-0 times the rate calculated. This gives a diffusion rate of 
18-9 x 10-15 em?/sec at 20°c and from the Arrhenius equation the value of 
Dy =0-11 em?[sec. 

Since diffusion is occurring in AuPb, the activation energy should be 
appreciably higher than the value of 14-0 kcal/mole obtained for gold in 
lead at low concentrations in bulk specimens. The value of 17-1 kcal/mole is 
therefore reasonable for this process and it gives an acceptable value of D,’. 

The possibility of grain-boundary diffusion remains to be considered. 
The activation energy for grain-boundary diffusion is usually about two- 
thirds or one-half of the value for volume diffusion. Consequently, taking 
the value of 14 keal/mole for bulk diffusion of gold in lead, the corresponding 
value for grain-boundary diffusion might be around 8-9keal/mole. Even 
assuming as above, that a somewhat higher activation energy might be 
expected for diffusion in AuPb,, it would be difficult to justify a value 
grossly exceeding 12 kcal/mole for grain-boundary diffusion since the lattice 
still consists mainly of lead atoms. These estimated values are much 
lower than the value of 17-1 kcal/mole actually found. 

: If this observed value of 17-1 kcal/mole was attributed to grain-boundary 
diffusion, then the corresponding activation energy for bulk diffusion would 
be about 26 kcal /mole, a value which would only be likely if the gold atoms 
were diffusing into a lattice of atoms of the same size, e.g. Au into Ag, 
H=26-6kcal/mole (Jost 1952) or Au into AI, E = 23-5 kcal/mole (Weaver 
and Brown 1962). The marked difference in size between gold and lead 
atoms makes a bulk value of this order most unlikely. ima henna. if 
qu eee by Sea boundary diffusion, it might be expected 

ery thin films would be abnormally high because of 

the mone pected structure and high proportion of intergranular 

iid the salus opima DO 
stie of volume diffusion. 
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ABSTRACT 


Quantitative electron microscope observations of a strip domain 
structure in thin films of cobalt produced by electropolishing from bulk 
annealed specimens are given and interpreted in terms of an energy 
minimization model based on calculations of Malek and Kamborsky (1958). 
The observations are consistent with the model within the experimental 
uncertainties. However, there appears to bo a systematic trend in the 
data which suggests that more accurate experiments may lead to disagreement. 


Macneric domain walls can be revealed in thin films of cobalt (prepared 
by electropolishing techniques, e.g. Tomlinson 1958) by the method of 
Hale et al. (1959), Boersch et al. (1960), Michalak and Glenn (1961) 
utilizing out-of-focus transmission electron microscopy. Recent qualita- 
tive observations (Silcox 1962, 1963) have revealed the presence of a strip 
domain structure which is thought to be due to the uniaxial nature of the 
magneto-crystalline anisotropy energy in cobalt (cf. Kittel and Galt 
1956). The purpose of this paper is to present some quantitative observa- 
tions on the width of the domains as a function of the orientation and 
thickness of the film. 

We first summarize the qualitative observations recorded previously 
(Sileox 1962, 1963). A strip structure was observed with the domain 
walls fairly close to the projection of the easy axis (0001) in the plane of 
the foil. Walls were alternately ‘black’ and ‘ white’ and experiments 
using the objective aperture to cut out one of the two beams into which 
the domains split the primary beam showed that next-nearest neighbour 
domains contributed to the same beam. These observations indicated 
that the magnetization distribution was such that the domain walls were 
180° walls. Observations at grain boundaries showed that the width 
of the domains altered with orientation and observations at the edge of 
the foil showed that the width altered with the thickness of the foil. 

This strip structure is similar to that predicted for Co by Kittel (1946). 
We take as our model the strip structure illustrated in fig. 1. We assume 
that the magnetization is homogeneous throughout a domain and at an 


angle 0— $ from the easy axis (in turn at an angle ¢ to the normal to the 
foil). Under these circumstances, a pole density of magnitude I, cos 0 


+ Present address. 
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will appear on the surface of the domains, where 7, is the saturation m 
netization of the cobalt. The magnetostatic energy of & pole array (0) 
this nature was first calculated by Kittel (1946). However, Kittel 
ignored effects due to interactions between the pole densities on the o 
surfaces of the specimen and consequently his expression is valid only for 
specimens of thickness larger than the domain width. In the present 


Fig. 1 
EASY AXIS 


! NORMAL TO 


DOMAIN WALLS FOIL 


FOIL 
THICKNESS 


(a) (b) 


experiments, the reverse is true and we use a more general expression due 
to Malek and Kambersky (1958) giving the magnetostatic energy per 
unit area as: 


16 2 
Emag = AD cos? 0» a - exp (—n7zp)) ; n=2k+1>0, 


n, k =integers, 
where D is the domain width, L the foil thickness and pis L/D. Including 
the first two terms in the magneto-crystalline anisotropy energy and the 


magnetic domain wall energy we may write for the total energy per unit 
surface area: 


EB ERN cas 
E= =318"D cos" 0 7a exp (09) + py +K,L sin20—4 


KL sint 6—¢, tuc ern eee (IL!) 
where y is the domain wall energy and K,, 


re KK, the first and second-order 
coefficients of the magneto-crystalline 


of th anisotropy energy. "This expression 
must be minimized with respect to .D and 0 and 


gives: 
cos? Q — iey eu ev l 
2 (irs) (go) D o So. on OP) 
and 
; *K,N sin 2 (8— 4) 2K 
S(t) Suc ea) ee qM e Ee 2h 
(ir) sin 98 E ar 3 sin = | = TR 
where : 
el 
nN ee yf en ERO oc 
sort exp (—n7p)) and es exp (—nzp) 
for 


N=2k+1>0, n, k =integers. 
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The functions $ and T are plotted in figs. 2 and 3 respectively. These 


relations may be examined by using expression (2) to determine 0 and 
plotting S as a function of R. 


i 2 
Fig. 2 


(T uate 
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Before we examine our results in terms of this analysis, however, it is 
necessary to determine the nature of the domain wall (see also Sileox 
1963). Itis well known that domain walls change their character from 
Bloch to Néel walls as the foil becomes thinner (cf. Néel 1955). For 
cobalt, this transition region is of the order of a few angstroms. Since 
the present foils are ~ 1500 to 30004 thick it appears likely that the 
domain walls are of Bloch character. Confirmatory evidence that this 
is so can be obtained by considering the streaking of the diffraction spots 
when split by a domain wall. As pointed out by Hirsch (private com- 
munication) a Bloch wall gives rise to streaking along the line joining 
the centres of the two split beams, whereas a Néel wall should give rise 
to streaking around the circumference of a circle whose diameter is 
defined by the centres of the spots. In the present case, all splittings 
studied showed Bloch wall character. It therefore appears that these 
walls are Bloch walls. However, even so, the energy of the wall will 
not be equal to its bulk value but will be increased due to the occurrence 
of poles at the intersection of the wall with the specimen surface. Accord- 
ing to Néel's (1955) calculation this increase may be of the order of 40% 
at 1000 à, 13% at 20004 and 10% at 3000 å. In order to incorporate 
this effect simply into the expressions given above, y has been written 
empirically as y4(l-Fo/L), where y,— 8:2 ergs/em? (Craik and Tebble 
1961) and «— 300 4. 

Turning now to the electron microscope observations we see that we 
can determine the orientation of the foil 6 by selected area electron diffrac- 
tion, and the width of the domains D and the width of Stacking faults 
projected onto the plane of the foil from the electron micrographs. If we 
assume that stacking faults lie in the basal plane, the latter observation 
gives us the thi ckness of the foil. It was found that the widths of one set 
of next-nearest neighbour domains were wider than the other set. This, 
it was felt, was due to the residual field of the objective lens with one set 
of domains favourably oriented with respect to the field and one set 
unfavourably oriented. The difference was small and it was assumed 
that the effect could be cancelled out by taking the arithmetic mean of 
the domain widths. Measurements were also taken well within grains so 
that free pole effects at grain boundaries could be minimized. In subse- 
ee Seine these effects are ignored. In addition, the accuracy 
g he ae ic cases Oyen 18 poor for orientations lying near the foil 
plane. | ugue observations, although qualitatively consistent with the 
derivations reported here, have been omitted from consideration 
; In view of the fact that we will be plotting these observations in a fairl 
involved form we first present the raw data in the table with ¢ th "i 
between (0001) and the normal to the foil. It will be PE th i 

domain width varies by an order of magnitude for aiat E 
| foil thickness. Also, a fair range of values of ¢ have been 
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- 

Lx10®em | Dx10%cm | ¢° 
1:26 7:30 56 
2.24 3-19 46 
1:44 3-70 46 
1-90 27-00 "2, 
1-79 1.93 43 
3-09 2-31 43 
1-06 13-85 64 
1-10 1-62 29 
1:48 1-85 29 
1-48 1-93 29 
1:36 1-54 43 
1:37 3-38 48 
1:03 3:38 48 
1-54 2-62 48 
1-20 2-77 38 


As indicated above, we use eqn. (2) to determine 0 (with /; — 1450 gauss 
(Bozorth 1951)) and use this value to plot S as a function of R. This 
should give a straight line of slope (72K,/167,?). At this stage, considera- 
tion must be given to the value of K, to be used. Values in the literature 
range from 3-3 x 109 ergs/cm? (Gans and Czerlinski 1932) to 5-28 x 109 
ergs/cm? (Sucksmith and Thompson 1954). A recent measurement by 
Pauthenet et al. (1961)} yields values in close agreement with the latter 
value which we will adopt. We also indicate the slope if the value due 
to Gans and Czerlinski is used. One point of note is that K, is strongly 
temperature dependent (e.g. Honda and Masumoto 1931, Sucksmith 
and Thompson 1954). We may expect something like a 20?c rise in 
temperature of the specimen during observation in the electron micro- 
scope (sce e.g. Silcox and Whelan 1960). The Sucksmith and Thompson 
measurements suggest that this may reduce K, by as much as 10%. 
Accordingly, in plotting the experimental points in fig. 4, the full line 
represents K,=4-75 x 10° ergs/em® (K, at 40°c as interpolated from 
Sucksmith and Thompson’s figures) while dashed lines represent room 
temperature figures of Sucksmith and Thompson (SL) and Gans and 
Czerlinski (G-C) respectively. The ratio K,/K, has been taken as 0-3 
as a rough average from the figures due to Sucksmith and Thompson 
(1954), Honda and Masumoto (1931) and Gans and Czerlinski (1932), as 
discussed by Sucksmith and Thompson (1954). 

The bars running through some (for the sake of clarity) of the points 
represent fairly conservative estimates of the uncertainties in the points. 
It is to be noted that these estimates do not include a consideration of the 
error due if the foil is not exactly normal to the electron beam. They do 


DT author is grateful to Dr. C. D. Graham for drawing his attention to 
this work. 
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however include an estimate of +3° for the accuracy of the p 
diffraction determination, a 10% magnification uncertainty and o ue 
tional uncertainties in distance measurements made on the electron 


micrographs of from 2 to 10%. 


Fig. 4 
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Clearly, within the limits of the uncertainties as plotted, the 
experimental points lie consistent with the solid straight line and therefore 
with the model] as given in this paper. However, a systematic trend seems 
to occur in the points as the points go from low to high R. Although we 
cannot claim this with certainty due to the inaccuracy of the data available 


Fig. 5 


7 
7 
7 


A 


from these experiments it is perhaps worth speculating as to possible 


improvements in the model. One is to be noted from the fact that the 
magnetostatic energy is a function of the thickness of the foil. A lower 
energy configuration may be found if the magnetization is not uniform 
throughout the thickness of the foil as schematically represented in fig. 5. 
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This arrangement would be similar to the non-uniform modes of magneti- 
zation discussed by Brown (1957) and Frei e£ al. (1957). In such a mag- 
netization distribution, poles would occur in the interior of the specimen 
(since div 740) rather than at the surface. For a given surface pole 
density, the corresponding magnetostatic energy (essentially represented 
by 8) will be lowered as L is decreased (as shown in fig. 2), i.e. as the pole 
density moves towards the centre of the specimen. However, an exchange 
energy contribution will arise. A short calculation given in the appendix 
suggests that to first order this second magnetization distribution would 
be the lower energy one. However, the difficulties involved in solving 
the mathematics of the full problem seem large. In view of the un- 
certainties involved in the experimental data, we will not attempt this 
here. 

It should finally be remarked that the value of the domain wall energy 
in these foils seems to be fairly close to the bulk value on the basis of these 
results. This enforces the doubts expressed previously (Silcox 1963) 
concerning the validity of a model applied to the pinning of domain walls by 
obstacles in thin films. 
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APPENDIX 
For comparison with the model considered in this paper we consider 
on each surface of the sheet of cobalt a thin section a.L(a « 1) in which 
the magnetization has been turned through an extra angle 80 from the 


easy axis (see fig. 6). This results in a pole density of Js cos 04-80 


Fig. 6 


on the surface B and one of Js (cos 0--80— cos 0) on surface A. "There 
will also be an increase of exchange energy in the surface A. For 80 


P.M. 5A 
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is wi Js? 2/42 per unit area (see e.g. Ki 
small, this will be of order J5?(80)?/a* per unit area (see e.g. ee and 
Galt 1956), where J is the exchange constant, s the spin of the ferro- 
magnetic electrons and a the lattice parameter. Hence, we may write, 
ay H 1 ^n " ay rh 
omitting the XK, term in the magnetocrystalline anisotropy energy w hich 
makes no difference to the final result: 


Ew = LÊ 12D [S(p) cos? 450 +S(p(1 — «))(cos 0+ 80— cos 8)?] 
= 


4 78907 oy +a LK, sin? (0—$+88) +(1—a)LK, sin? (6-4). 
an 


If we expand this in powers of 80, retain terms to first order in 80 and 
subtract eqn. (1) from it, we obtain for the energy difference between the 
two states: 


oT 


AE- ione D sin Jp Ra-s] 80--terms 0(80)?. 


7? 167,2 
We know from the main text of the paper that, if « —1 the term in the 
square brackets is zero. Clearly if a < 1 (by definition) then AZ is negative 
and this energy state will be the lower state of the two for 60 sufficiently 
small. 
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ABSTRACT 


The temperature dependence of the resistivity of liquid alkali metals at 
constant volume and at constant pressure was measured. The residual 
resistance obtained by extrapolating the resistivity curve plotted at constant 
volume against temperature to absolute zero is small for liquid Na, and 
becomes larger proceeding to the heavier alkali metals. The temperature 
dependence of the resistivity at constant volume and at constant pressure is 
discussed in the term of the temperature variation of the correlation function 
a(K). 


$1. INTRODUCTION 


GENERALLY speaking, the change of resistivity with temperature at constant 
pressure is caused by both the thermal expansion effect and the change in 
resistivity with temperature at constant volume. For most metals in the 
liquid state, the thermal expansion is much larger than in the solid state. 
This is especially true of liquid alkali metals where the thermal expansion 
and compressibility are considerably higher than in other liquid metals. 
Therefore it is particularly interesting to measure the temperature coef- 
ficients of the resisitivity of liquid alkali metals at constant volume. 
Some attempts have been made by Gubar and Kikoin (1945) and MacDonald 
(1959) to measure the variation with temperature of the electrical resistivity 
at constant volume by using a sealed capillary method. 

MacDonald suggested that the resistivity of liquid metals arises from an 
effect due to thermal lattice vibrations (directly dependent on an effective 
Debye temperature) and any additional residual resistance introduced at 
the melting point (to be assigned to a specific increase in spatial atomic 
disorder). He extrapolated the experimental curve of resistivity versus 
temperature in liquid Rb at constant volume to absolute zero and estimated 
that an apparent additional residual resistance is introduced there 
amounting to approximately one-quarter of the total change of resistance 
on melting. 


T Present address : The Research Institute for Iron, Steel and Other Metals, 
Tohoku University, Sendai, Japan. 
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Takeuchi and Endo (1961, 1962) have measured the temperature 
dependence of some liquid metals and alloys and proposed that, in the 
first approximation, the temperature dependence of the resistivity of 
liquid metals arises from density fluctuations which are due to thermal 
motion of the ions, and are directly proportional to the compressibility. 
Recently, the following theory was formulated by Ziman (1961). From 
the analysis of the Hall coefficient of liquid metals, he assumed that the 
conduction electrons behave like nearly free electrons and are scattered 
by the weak pseudo-potentials of ions with correlations. He divided the 
scattering cross section of conduction electrons into the ‘plasma term’ and 
the ‘structure term’. The former is from the region of low scattering 
wave number K and the other contribution comes from the region near 
Kz 2k, where ky is the wave number at the Fermi surface. Endo and 
Suekane (to be published) showed that by using the theory of plasma 
oscillations of conduction electrons, the electron-ion interactions can be 
separated into two parts. One gives the effective electron—ion interactions, 
which are screened by the plasma oscillations of the conduction electrons, 
and contributes directly to the electrical resistivity. The other describes 
the interactions between the ions and the plasma oscillations. On the 
basis of the free electron model, the following formula was obtained for the 
mean free path A of electrons in monovalent liquid metals. This result is 
similar to that of Ziman’s theory: 

l mmNi 2g. 
<= een js aK WKPKdK, . . . (1) 
where 


a(K)= = (X exp (iKX,)P) 
J 


is the ion correlation function 


is the effective pseudo-potential 


P= op i) — 40,2]. 
N. DAN 3 reg i 1 
? i: Wp, (0), vy denote, respectively, the ion density, the plasma frequency 
e mean o RE velocity, and the velocity of an electron at the 
'ermi surface. ‘There is no reliable t | 
su £ ble theory for the correlation f i 
a(K). Bernal(1959. 1960) regar iquid aem 
959, ards the liquid state ially i 
; as an essentially irregular 
emä r m assembly of atoms. As, in his model, there are no m nat 
pn s the eee close-packed arrangement of the solid there 
d be little room for a great change i i 
bel ge in the local radial distributi 
| bution fune- 
tion ue increasing temperature at constant volume. Since the screened 
pseudo-potential is also relatively insensitive to temperature, if iic is 
j Jur | 


ne ie are able to obtain the residual resistance from the extrapolation 
to a po ute zero of the temperature-resistivity curve at Consta vol 

This gives a measure of the effect due to the spatial disorder i je 
melting. 1 isorder introduced on 
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$2. EXPERIMENTAL PROCEDURE 

To date, very few direct measurements of the resistivity of liquid metals, 
at constant volume, have been made. In the sealed capillary method used 
by Gubar and Kikoin (1945) and MacDonald (1959), it is difficult to keep 
the same volume as that just above melting point and also compress the 
specimen by a static and homogeneous pressure because of the deformation 
of the glass capillary tube. Most investigators have deduced the tempera- 
ture dependence of the resistivity of metals at constant volume from the 
measurements of the pressure effect on the resistivity ata given temperature 
using the following thermodynamic equation: 


1 (ai eu 4 
p OT), p oT D p oV a LI B . 


where « is the coefficient of thermal expansion. However, the use of this 
method is subject to considerable error due to its indirectness. 


bo 
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Fig. 1 
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0.5 cm. I.D. 
PLATINUM 
ELECTRODES 


Icm. I.D. 


Sample container. 


To measure the temperature dependence of the electrical resistivity 
of liquid alkali metals at constant volume, a liquid sample of the metal was 
placed in a glass capillary tube which was then placed in a pressure bomb. 
The height of the meniscus of the sample was kept at a constant point by 
the application of pressure, and was observed visually through a window. 
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The sample container was made of soft glass and consisted of a capillary 
tube (I.D. 0-7mm) between two bulbs equipped with platinum electrodes, 
which do not react with alkalis (fig. 1). 

The total volume of the sample container was about 0-5 em?. Although 
the thermal expansion of liquid sodium is smaller than that of the other 
alkali metals the meniscus rises about 2 em in the capillary tube when the 
temperature is raised approximately 50°c at constant pressure. 

The alkali metals investigated were supplied by A. D. Mackay Ltd. 
Alkali metals, especially caesium, are highly reactive and easily oxidized, 
therefore one must be very careful in the preparation of the sample (Mac- 
Donald 1956). The oxide of caesium is soluble in caesium metal and its 
melting point is lowered considerably when a small amount of oxygen is 
introduced. "The surface of the inside wall of the capillary tube must be 
very clean to minimize the formation of a thin oxide film which adheres to 
the capillary wall, preventing smooth movement of the meniscus and 

rendering it impossible to observe the meniscus clearly. 


nM D) 
Fig. 2 


. PYREX GLASS WINDOW 
LIQUIO METAL SAMPLE 
SILICONE OIL BATH 
PRISM 
TELESCOPE 
LAMP 
TO THE HIGH PRESSURE 
PUMP AND GAUGE 

H. LIQUID AIR FOR SEALING 

THE LEAD WIRES 


onmooon 


A sketch of high pressure apparatus. 


The whole assembly with the alkali sample to be cast was evacuated d 
heated to 10°c or 20°c above the melting point. Purified heli : m S 
admitted at a pressure of more than one atmosphere, forcing ties ik Ji 
sample into the container. The apparatus was allowed to Goolge i 
immersed in cold dry silicone oil or Stanolax, and was cut at AE 2 
> ho the specimen, the excess alkali metal overflowed akci. 
so that the S Oa : ; ; 
E i Duos approached the marked point S on cooling back to the 
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The position of the meniscus was determined to within tenths of a milli- 
metre with a telescope. The correction for the curvature of the meniscus, 
due to surface tension, was found to be small and negligible. 

The upper limit of temperature for the resistivity measurements was 
170?c. This limitation was caused by the reaction of alkali metals with the 
soft glass container, with oil at higher temperature, and by excessive 
oxidation. Heat was supplied to the system by means of a silicone oil 
bath, the temperature being controlled to + 0-2°c. 

The maximum pressure necessary for the present measurements was 
about 700 atmospheres. The pressure bomb was made of number 304 
stainless steel hardened to 50-60 Rockwell C. The overall dimensions of 
the pressure bomb were: diameter 10cm and height 20cm. The dead 
volume in the high pressure part of the apparatus was 24cm?. Figure 2 
shows a sketch of the high pressure apparatus. 

The pressure tube was attached to a portable pump and a Heise gauge 
which could be read to + 201b/sq.in. The pressure transmitting fluid was 
Dow Corning 200 silicone oil; viscosity 200 centistokes at 25°c, flash point 
600°r, density 0:971 which was also used in the heating bath. The pressure 
seal between the bomb and cap was constructed of stainless steel and copper 
unsupported area rings (Bridgman 1947). 

The small window plugs in the pressure bomb (one on each side as shown 
in the diagram) were almost identical to those used by Fishman and 
Drickamer (1956). Pyrex glass, 15mm thick, was used for the windows 
since quartz is easily cracked by shear stress owing to its large crystal 
grains and green glass cannot withstand thermal shock. The window 
surface meeting the surface of the steel plug was ground optically flat to 
obtain good contact. ‘The hold extending from the outside of the bomb 
to the window had a diameter of 20 mm at the outside of the bomb and was 
tapered to 12mm diameter at the window to enable the viewer to see a 
greater portion of the sample. The face of the steel plug was also ground 
optically flat to seat the glass window and to prevent the silicone oil of the 
pressure transmitting medium from leaking. 

The telescope, which was used to view the meniscus of the sample, was 
located in such a position as to ensure the safety of the viewer in case of 
mishap. A light source was placed a short distance from the other window 
ofthe bomb. A prism was located at the opposite window, thus deflecting 
the light into the lens of the telescope. 

The copper current and potential leads to the specimen, as well as the 
thermocouple located near the specimen, were led out of the bomb through 
the side tube H which was sealed by freezing silicone oil in liquid air (Dugdale 
and Hulbert 1957). 

Within the range of our measurement it was found that there was no 
difference within + 0-3°c between the temperature of the specimen and of 
the oil bath surrounding the bomb under a pressure of one atmosphere. This 
was assumed true also at higher pressures. The pressure inside the bomb acts 
both internally and externally on the glass container of the specimen and 
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therefore the deformation of the glass is small and the specimen is compres- 
sed by a static and homogeneous pressure. From results obtained with 
different sizes of glass containers, the correction to the meniscus level by 
friction between glass and metal and the correction for the deformation of 
the glass containers was shown to be negligible. The correction for the 
uniform expansion of the glass container is also small, because the expansion 
coefficients of liquid alkali metals are very large. 

When allowing the liquid metal to solidify in its glass container, there was 
partial separation of the metal from the glass as well as the formation of 
cavities in the bulk metal, thus permitting silicone oil to permeate these 
interstices on the application of pressure. If such a metal specimen was 
heated above its melting point, oil droplets brought about a separation of 
the liquid metal column at one or more points in the capillary. Thus it 
was necessary to apply pressure only after the sample was molten. It was 
also noticed that the melting points of the alkali metals increased with 
increasing pressure, these increments being relatively large. For example, 
the melting point of potassium rises from 63-7?c at one atmosphere pressure 
to 80-2?c at 1000 atmospheres pressure. For this reason it was necessary 
for any increase in pressure to be accompanied by an increase in tempera- 
ture sufficient to ensure that the sample remained molten. 

A current of 100ma through the sample was sufficient to produce a 
suitable potential drop for resistance measurement. This potential drop 
was compared with the potential across a standard resistance in series with 
the specimen. The resistivities of the liquid alkali metals were determined 
hy comparing the measured resistances of the specimens at room tempera- 


ture with the known values of the resistivities at that temperature 
(Smithsonian Physical Tables, 1957). 


$3. RESULTS 


The pressures necessary for keeping the same volume as th 
point are plotted against temperature in fig. 3. 

In figs. 4, 5, 6 and 7, results are shown of the measurements for the change 
of resistivity of liquid Na, K, Rb and Cs with increasing temperature 
where the volume was kept at that at the melting point under one Abies 
phere. Also included are the results 


at constant pressure (under 
one 
atmosphere). It is worth noting that there are rather large differences 


(a factor of approximately two -thirds) between the temperature coefficients 
of resistivity at constant pressure and those at constant volume 
The change with temperature of the resistivity at constant pressure of 
liquid alkali metals is nearly linear and relatively large compared wit} 
other liquid metals. Extrapolation of the t i ae 


i emperature-—resistivity curve at 
constant pressure gives a negative intersect at absolute zero. On the 
other hand, fig. 8 indicates that the residual resistance obtained by extra 

2 A- 


polating the resistivity at constant volume to absolute zero, is small and 
2 


positive in Ne ; 
1 E & to the heavier 


at at melting 


a and increases as one progresses from N 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
Temperature Dependence of Resistivity of Liquid Alkali Metals 1409 


alkali metals. There is not much difference between the values of the 
temperature coefficients on keeping the same volume as at the melting 
point or as at 40 ~50°c above melting point. 


Fig. 3 
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Pressure necessary for the measurement of the temperature dependence of the 
resistivity at constant volume. 


Fig. 4 
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Temperature dependence of the resistivity of liquid Na at constant pressure 
(under one atmosphere) and at constant volume (the same volume at 
melting point under one atmosphere). 


In table 1 the experimental results of the temperature coefficients of the 
resistivity of liquid alkali metals at constant volume, at constant pressure, 
and the residual resistance py, are tabulated. The residual resistance 
amounts to approximately one-quarter of the resistivity at the melting 
point for all alkali metals. 
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Temperature dependence of the resistivity of liquid K at constant pressure 
(under one atmosphere) and at constant volume (the same volume at 
melting point under one atmosphere). 


Fig. 6 
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Temperature dependence of the resistivity of liquid Rb 
(under one atmosphere) and at const 
melting point under one atmosphere). 
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Temperature dependence of the resistivity of liquid Cs at constant pressure 
(under one atmosphere) and at constant volume (the same volume at 
melting point under one atmosphere). 


Fig. 8 


pa-cm 
50 


AT CONSTANT PRESSURE 


Cs 


AT CONSTANT VOLUME 


40 
“4 
L^ MR 
7 
^ 
Pe Rb 
2 
30 
> 
E 
= 
E 
en 
ü 
a eot. oh 
20 Zinc Me K 
AT CONSTANT PRESSURE 
- n 
= Zo CONSTANT VOLUME 
ue us AT CONSTANT PRESSURE 
10 s — 
eres i AT CONSTANT VOLUME 
eee MP 
ex Na 
o — i pes 
300 400 


TEMPERATURE IN°K 


Temperature dependence of the resistivity of the alkali metals at constant 
pressure and two different constant volumes (Rb and K) and extrapola- 
tion to absolute zero to give the residual resistance. 
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The temperature change of the compressibility at constant pressure and 
constant volume was determined by measuring the change of meniscus with 
application of pressure using the same apparatus. The absolute values 
were determined by comparing with the values at the melting point 


Fig. 9 
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Temperature dependence of the compressibility of liquid alkali metals. 


Table 1. The temperature coefficient of the resistivity of liquid alkali 


metals 
Na K | Rb | Cs 

Pm (u Q-cm) 9:5 13-2 22-0 36:7 
(op uae 12:3 22.2 

m QT 5 H> 2 I1 24-1 34-6 
m (9p ; 
fis Gay (#Q-cem) 8:0 (8:0) | 10-1 (14) |153(5) | 25-4 (27) 
Po (p. O-em) 1-5 (1:6) 33 (—1)| 67 (8) 11:3 (10) 


mue | 
e I EE d 


The values in brackets were deduced by Faber (Zi 
[ y E iman 1961) fri ul 4 
data (Bridgman 1921) of the pressure effect on de pe E 


measured by Kleppa (1950). The results are shown in fig. 9. In all 
liquid alkali metals investigated, the change of the compressibilit at 
constant volume is very small compared with that at constant Dese 


$4. Discussion 


The resistivity of the liquid metals investigated indicates that the mean 
free paths are much longer than the interatomie distance. For example 
? 
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the mean free path of Na at its melting point, calculated from experimental 
data, is about 156 4. 

Phillips and Kleinman (1959), and Cohen and Heine (1961), pointed 
out that the pseudo-potentials seen by conduction electrons in erystals 
may be weak because the requirement that the wave functions of valence 
states be orthogonal to those of core states has the effect of introducing a 
repulsive potential that partially cancels the true potential. This pseudo- 
potential is screened by the plasma oscillations of the conduction electrons. 
Specifically, for the effective pseudo-potential at K—0 (Ziman 1961, 
Endo and Suekane, to be published) we can expect that 

K2 
eme 7 dfe eM eee Aaa A(G) 
where Fp is the Fermi energy, though in the liquid state the volume change 
and disorder introduced on melting may give rise to a slight variation in the 
effective pseudo-potential. 

The correlation function a(K) can be determined from the X-ray or 
neutron diffraction data. The values of a(K) for the alkali metals obtained 
from these experiments are small in the region of small K and increase 


Table 2 


| Hy(ev) | (-8Ec) |o(0(—8Ew*| [PeP | o(2kv)[V Ql? 
| Na 3-20 


44 0-1 0-017 0-02 
K 2-12 2-0 0-05 0-063 0-08 
Rb 1-81 l-4 0-035 0-19 0-25 
Cs 1-57 1:2 0-030 0-42 0:50 


The values of a(0) and a(2ky) are about 0-025 and 1-2 and are almost the same 
at the melting point for all alkali metals. 


rapidly towards unity near K=2k,. If the Fourier coefficients of the 
effective pseudo-potential »,(K?/K*+¢?) near 2k, (~g the reciprocal 
lattice vector) are very large (sce table 2), the contribution corresponding to 
large angle scattering by individual ion cores is large compared with the 
small angle scattering by the longitudinal density fluctuations. Let us 
suppose that the change of short range correlation with temperature is 
small at constant volume. The residual resistance po, obtained by extra- 
polating the experimental temperature-resistivity curve to absolute zero, 
gives the measure of the scattering by individual ion cores. The experi- 
mental results of table 1 show that the contribution of Scattering from indi- 
vidual ion cores is large in Rb and Cs and smallin Na. "Thus, the resistivity 
of liquid Na may result mainly from the density fluctuations of ions. 
Evidence that the correlation function at constant volume is insensitive 
to temperature is not certain since no measurement of the temperature 
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dependence of x-ray or neutron diffraction at constant volume has been i 

| recorded. The motion of ions could be separated into individual and 

| collective ion motions. Collective ion motion results from the long-range 

| interaction. From the measurement of inelastic scattering of neutrons in 

| liquid Na, which gives the time dependent correlation function, Cocking 
and Turberfield (1962) have suggested that the atomic motions in liquid 
Na combine high frequency vibrational modes with diffusion motion which 
becomes important over long intervals (> 5x 10~'sec). The measure- 
ment of the self-diffusion of CCl, at constant volume (Watts et al. 1955) 
shows that diffusion in liquids may take place in much smaller steps than à 
the interatomie distance, while the temperature dependence of the viscosity 
of liquid nitrogen and argon at constant volume (Zhdanova 1957) indieates 
that the activation energy for diffusion is so small that almost continuous 
diffusion should occur. Boyle et al. (1961) have found that by measuring 
the Móssbauer effect in metallic tin, the temperature dependence of the 
Debye-Waller factor shows considerable deviation from a linear law. 
The correction for the change in the Debye temperature due to thermal 
expansion is too small to account for this deviation in the experimental 
results. In addition there is also the effect of anharmonicity at constant 
volume. 


Table 3 


| Na K Rb Cs 
1 /dp 1 /o E 
Sates = (Se 1-5 2-2 1-6 l-4 
s (a5), [5 57), E : 
oe Qa(0) l /Qa(0) = 5 
o 9T ) / a L: = i: Be 


From eqn. (1) it appears that the temperature dependence of the resis- 
tivity of liquid metals comes mainly from the vari 
function a(K). If we can assume that the temper: 
resistivity at constant volume and at constant pressure near the melting 
point is dominated by the change in the small wave number term of "S 
corresponding to the small angle scattering by the density fluct n um 
ions, the temperature coefficient of the resistivity is LN ues 


compressibility since the limiting val > 
; 2 ; ue = : 
as follows E of a(K) at K=0 can be written 


ation of the correlation 
ature dependence of the 


a(0)=kyTNy/V, Sarge ee te) 


where y is the compressibility and ky, is the Boltzmann constant "able 3 


gives the ratio of the temperature coefficients of the resistivity and 


values of a(0) at constant pr, i 
pressure to those at x 
obtained from our experimental data ne dune 


It is worth noting that there 
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are no large differences between these ratios except in potassium. The 
expansion of volume with increasing temperature results in an increment 
of interatomic distance, so that the total potential energy increases (the 
average kinetic energy is 3/2kpT per atom in classical treatment) and then 
the amplitude of the atomic motion increases. The experimental change 
with pressure of the neutron diffraction pattern of liquid helium (Henshaw 
1960) cannot be accounted for on the basis of a simple model which assumes 
the change of the parameters by a uniform dilatation of the basic structure. 
These experimental data indicate to us that the correlation function in the 
liquid state may change with increasing temperature in a much more 
complex way in nature. Therefore the study of the motion of ions and its 
effect on the electronic structure in more detail is important in the next 
stage. 
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ABSTRACT 


The effect of a plastic compression at 78?k on the rate of pre-precipitation 
in the Al-Zn 10% alloy has been investigated by means of resistivity 
measurements. The results have shown that a fast clustering of solute 
atoms, controlled by point defects generated during the deformation, occurs 
in the range —145 to —10?c. There is some evidence that such point defects 
are vacancy-type defects migrating to dislocations. 


$1. INTRODUCTION 


In recent years good evidence has been obtained supporting the view 
that the rate of clustering of solute atoms, namely the formation of 
Guinier-Preston zones or pre-precipitation process, occurring at about 
room temperature in many supersaturated Al-rich alloys, is controlled by 
the concentration of vacancies frozen-in by the same quench necessary to 
supersaturate the alloy (see, for example, Guinier 1959, and references 
quoted there). Now it is also general knowledge that appreciable non- 
equilibrium concentration of point defects can be introduced into metals 
and alloys also by plastic deformation, so that one can expect that the 
rate of pre-precipitation should be largely influenced also by cold-working 
after quenching. Asa matter of fact, one could easily quote a large number 
of investigations referring to the influence of plastic deformation on the 
ageing behaviour of Al alloys (for a review, see again, Guinier 1959). 

All previous works however are handicapped by the fact that the plastic 
deformation is usually performed at room temperature. Since point 
defects in Al are mobile well below 0°c, the only way to obtain a real picture 
of the role of induced defects is to operate at a lower temperature. 

Keeping in mind the above considerations we have proposed in this work 
to carry out an orientative resistometric investigation on the effects of 
plastic deformation performed at liquid nitrogen temperature on the rate 
of pre-precipitation in Al-Zn 10% alloy and to compare the results both: 
(i) with the effects of quenching the alloy from different temperatures and 
(ii) with the recovery spectrum of pure Al cold-worked in the same way, 
in an attempt to identify the nature of induced point defects; for this 
purpose the results of a recent resistometric investigation, to be published 
elsewhere, will be considered (Panseri et al. 1963). 


P.M. 5B 
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| The choice for the present investigation of the Al-Zn 10% alloy is due 
| to the fact that the ageing behaviour of this alloy has been extensively 
investigated after quenching (Panseri and Federighi 1960) and in addition, 
to the particular characteristics of this alloy which, as shown in that 
paper, make it very suitable for the resistometric investigation of pre- 
precipitation. As is known, in this alloy the formation of spherical zones 
takes place (Guinier 1948), producing a continuous large increase in resis- 
tivity till a ‘critical’ radius is reached. Recently it has been shown that 
this radius should be of the order of 94 (Herman ef al. 1963). 


| $2. ExrERIMENTAL PART AND RESULTS 
| The weight composition of the alloy (prepared from 99:995% purity Al 
and very pure Zn) was Al-Zn 10-294. Appropriate specimens quenched 
from 230?c were successively cold worked by compression at liquid nitrogen 
| temperature (—195°c) and the changes of electrical resistance after 
| deformation and after annealing at higher temperatures were determined. 
| The cold-working apparatus, the shape of specimens, the way of getting 
| measurements and all other experimental details have been just the same as 
| described in the paper quoted above (Panseri et al. 1963). 
| The changes in resistivity Ap were calculated by the formula : 
Ap=p,AR/ Ry, 
where p, (— 1-24 nO cm) and Rọ are the resistivity and the resistance 
at — 195*c respectively, of specimens as quenched from 230?c; AR is the 
change in resistance with reference to Ry. Since the ‘reference’ temperature 
230^c is just above the solubility temperature for this alloy and since this 
temperature is relatively low, one can reasonably assume that in this case 
the concentration of vacancies and of solute clusters is very small. 

The results are reported in the figure. Curve Q 230°cshowsan isochronal 
| ageing of a specimen quenched from 230?c and not cold-worked; the 
| ageing procedure, as for all the results described below, consisted in 

annealing the samples 2 min at temperatures increasing at steps of 20?c in 
the range of — 180*c to 200?c. 

In the same figure curve H 35% shows the results observed for a specimen 
firstly quenched from 230°c and then cold-worked at — 195°c by compres- 
sion, reducing its thickness by about 35%. The employment of ae 
specimens cold-worked in the same way showed that the results were quite 
well reproducible. The last points at 200°c show the effect of the a of 
cooling-down from the ageing bath to the liquid nitrogen aste: 
a normal point is obtained by directly dipping the specimen into the liquid 
koreaedition P ER A TE 

| gi a hen dipping into the nitrogen 
bath (as usual in quenching experiments.) Š 
hj y y p. " B 

assi. wh he die tendi cv Qs a Q 
wt obtained in the previous quoted paper (Panseri 

and Federighi 1960) after quenching from the indicated temperatures 
Finally, in the same figure, the dotted line shows a hod ; 
curve obtained for 99:995% purity Al cold-worked by 


recovery 
compression at a 
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degree of 40%; the reference value for the calculations of resistivity 
variations was in this case the value before cold-working (or after complete 
recrystallization of the specimen) and the value of p, was 0-23 uQ cm. 
Note that the scale for Al, in the figure, is different from that employed for 
the alloy and is given at the right side. 


$3. Discussion 
3.1. Ageing after Quenching and after Cold-work 
From the data in the figure, it is clear that the effects produced by the 
plastie deformation on the subsequent ageing are very similar (but not 


identical) to those produced by increasing the quenching temperature from 
230°c to about 400—500^c. 
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Isochronal ageing curves (2 min at increasing temperatures) after quenching 
(Q) and after cold-work (H) for Al-Zn 10% alloy (scale at left side) 
and pure Al (scale at right side). Curves Q 400°c and Q 500*c are taken 
from a previous work (Panseri and Federighi 1960). 


Fora better understanding of the matter let us first recall the interpretation 
of isochronal ageing curves after quenching, as was given in the previously 
quoted paper. ‘The initial increase Ap, observed after quenching is 
largely due to a clustering of solute atoms during the quench and only ina 
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minor fraction to quenched-in vacancies; above — 100°C point defects 
(vacancy-type defects) can move, and are progressively eliminated by 
condensing into dislocation loops (Thomas 1959), the number of which 
increases with quenching temperature. As this process is going on, solute 
atoms can diffuse (‘fast reaction’) and form G.P. zones (Federighi and 
Thomas 1962), the existence of which is made apparent by the increase 
in resistivity. In Al-Zn alloy the pre-precipitation process follows strictly 
the so-called ‘ideal’ pattern (Federighi 1962) so that by progressively 
increasing ageing temperature to about 100°c one can expect that 
two competitive processes occur: a continuous growth of zones and a 
decrease of their density (coalescence) by dissolution of a fraction of 
them (partial reversion). The first process produces at the beginning an 
increase in resistivity as far as zones are smaller than the critical radius ; 
the second process produces in the actual case (where the variations in 
resistivity are all positive) a decrease in resistivity since these variations 
are proportional to the density of zones. The plateau observed between 
40°c and 100?c after quenching from 400°C simply indicates that all 
extra-vacancies are now eliminated into loops so that the rate of the latter 
process is now negligible. Finally above 100°c there is the reversion 
process, during which one has the complete dissolution of zones. The 
absence of a plateau after quenching from 500°c is due to the fact that after 
the condensation of vacancies into loops (fast reaction), a ‘slow-reaction’ 
occurs during which the process is going on very slowly ; the slow-reaction is 
probably kept on by vacancies evaporated from the large number of small 
dislocation loops. Segment F on curves shows the beginning of the fast 
reaction, namely the beginning of the formation of zones; segment S shows 
the beginning of the slow reaction (or the end of the fast reaction for curve 
Q 400°c); finally segment R shows the beginning of the reversion pheno- 
menon. 
To discuss now the effect of plastic deformation, let us first consider the 
increase in resistivity observed by ageing above — 145?6 ; its similarity with 
that observed after quenching furnishes good evidence that plastic defor- 
mation introduces defects which allow diffusion of solute atoms and which 


are similar to those introduced by quenching, so that the 


y can be interpreted 
as vacancy-type defects. From the temperature at which one observes 


the maximum in resistivity (the lower this temperature, the higher the rate 
of the process or the concentration of. defects) it appears that the concen- 


tration of defects should correspond roughly to that introduced by quench- 
ing from 500*c. E 


Let us now consider 


the initial increase Ap, observed afi 
(without any ageing); Pu after cold-work 


since it results in a much lower fi ure thar 
n the 
corresponding Apo observed after quenching from 500°c o us to be 
due principali y to point defects: namely only a limited clustering seems to 
occur during the plastic deformation per se. 

This conclusion is indirectly supported by i i i 

Phis « rectly sur y two points: (i) the increase i 
resistivity observed during the cold-work of A] (which is due only fo 
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induced defects) is about 60 my cm (see figure), and this value is not too 
far from that observed for the alloy (110mgO em); (ii) although after 
quenching from 400°c one observes about the same initial increase as after 
cold-work, the rate of the process is much lower, indicating that in the 
quenched specimen the concentration of point defects is not high and that 
the increase in resistivity is principally due to clustering. 

Concerning the continuous and slow decrease observed above — 10°C 
till up to 100?c, it can be interpreted as due to a continuous growth of zones 
beyond their critical size (and also to some partial reversion) controlled by a 
sort of ‘slow-reaction’, very similar to that observed after quenching. 
This opinion is supported by the extended range of temperature in which 
the phenomenon occurs and by the absence of a plateau in the same way 
as after quenching from high temperatures. Finally the sharper decrease 
observed in the range of 100?c to 150°c, by comparison with the case of 
quenched specimen, can be connected with the reversion phenomenon. 

As a last comment let us now discuss the influence of the way of cooling 
down after the annealing at 200°c (see figure); as stressed in a previous 
paper (Panseri and Federighi 1960) the direct dipping into liquid nitrogen 
produces only a moderate cooling so that if the quenching temperature is 
high enough (say, above 180°c) a limited clustering occurs during the 
quenching. To avoid this clustering it is necessary to quench into brine, 
and in this way specimen Q 230°c can obtain again its reference value. 
On the contrary, the fact that specimen H 35% after the annealing at 200°o 
shows a higher value (of about 25 mu Q em) than the reference one, indicates 
that some defects are still present in the material giving a contribution to 
resistivity ; these defects can be identified with dislocations, which probably 
are not largely removed in the alloy below 200°c. 

The presence of a contribution of dislocations to resistivity can also 
account for the largest part of the difference between the maximums in 
resistivity of curves H 35% and Q 500°c (about 30mpQem) which occur 
just at the same temperature}. Hence it seems possible to deduce the 
very important result that the density of zones is not appreciably influenced 
by the presence of dislocations or, in other words, whereas the plastic 
deformation strongly controls the rate of pre-precipitation, the nature of 
the process is not directly influenced. 


3.2. Comparison of Recovery of Al and Ageing of the Alloy 
The above quoted investigation (Panseri et al. 1963) on the recovery of 
99-9959/, AI cold-worked by compression at —195°c has shown that the 


induced extra-resistivity is annealed out in four stages indicated as H-1, 
H-2 and H-3 and H-4. 


T This is an important condition, since the density of zones of a given size 
(for instance the critical size) decreases with ageing temperature (see Panseri 
and Federighi 1960, and Federighi 1962); see also the maximum for curve 
Q 400?c. 
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We have given in the figure an independent example of this Behawiony 
(dotted curve, scale at the right side). Stage H-1 (about 14%) One 
just above — 195?c and has a large tail (or inter-stage) till — 110 Cc; as 
discussed in the quoted paper the sharp initial decrease has been ascribed to 
the migration of an interstitial defect, whereas for the continuous tail 
several possibilities have been enumerated (release of trapped interstitials, 
migration of some quick vacancy-type defect such as a di-vacancy or 
tri-vacancy, migration of another kind of interstitial or of some simple 
interstitial aggregate). Stage H-2 (about 42%) occurs in the range 
— ]10?c to — 20?c and has been ascribed to the migration of vacancy-type 
defects to dislocations; some evidence has been found that these defects 
are probably quadri-vacancies. Stage H-3 (about 30%) occurs between 
— 20?c and 110?c and has been connected with the removal of dislocations 
by polygonization of the material. Finally above 110°c one has the 
completion of polygonization and recrystallization but this stage is not of 
interest here. 

Now, by comparing the recovery curve of Al with the ageing curve of the 
alloy one can observe that: (a) corresponding to the sharp decrease in stage 
H-1in Al, no appreciable change is observed in the alloy ; (b) corresponding 
to stage H-2 a large clustering process occurs in the alloy the rate of which 
remarkably decreases toward the end of the stage ; (c) the clustering process 
begins sharply at the tail of stage H-1 (at —145°c); (d) a sort of ‘slow- 
reaction’, similar to that observed after quenching, is observed in the alloy 

corresponding to stage H-3. 

Since it appears very improbable that defects moving in stage H—1 in 
Al, produce a clustering of solute atoms in such a way to exactly compensate 
the decrease in resistivity due to the elimination of the defects{, a very 
important deduction of the above results is that the behaviour of defects 
moving at the beginning of stage H-1 and in stage H-2, respectively, is 
quite different in the presence of solute Zn. "This can be considered as 
good evidence that the nature of the defects moving in the two stages is 
different, supporting the interpretation given by Panseri et al. ( 1963) 
namely interstitial and vacancy-type defects, respectively. 

Coming now to more detail, the observation at point (a) can be explained 
on assuming that in the alloy interstitials are trapped by the solute atoms 
and can move only at higher temperatures (unless one does prefer to think 
that interstitials are not produced in the alloy). 

Concerning poi nt (b), the interpretation of stage H-2 in terms of vacaney- 
type defects is quite in agreement with the results for the alloy, since just 

in the same range one observes an appreciable growth of zones. Of course 
this growth can be imagined as controlled by a ‘fast’ reaction (which 
should end at S on the curve), in the same way as after quenching during 
the elimination of thermal vacancies. Now it is interesting to note that 
although the initial concentration of defects is very high, G.P. zones do not 


2 


T It should be possible however to check 


! this point by the 
alloys with different Zn content. P y employment of 
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grow largely beyond critical size (as is shown by the absence of a large 
decrease after the maximum, at the end of the stage). This fact means that 
point defects are eliminated very rapidly from the matrix, as one should 
just expect in the presence of a large concentration of dislocations. 

Another important observation is furnished by the above point (c). 
since after quenching the increase in resistivity can be detected only at 
—100°c. A priori the defects producing diffusion below — 100?c can be 
identified either with those supposed to exist in the tail of stage H-1 or 
with interstitials which, prevented to move in the beginning of stage H-1, 
can be finally released from their traps. 

Coming now to point (d), one is faced with the problem of the identification 
of the mechanism producing the slow-reaction, namely a slow diffusion of 
solute atoms in the alloy in correspondence of stage H-3 of Al. At least 
the following possibilities can be advanced: (1) elimination of residual 
point defects as complex vacancy clusters, which can disintegrate by 
evaporation of single defects; (2) existence of a small but still appreciable 
pseudo-equilibrium concentration of vacancies by evaporation from 
dislocations (in a similar way as is supposed to occur in presence of disloca- 
tion loops after quenching from high temperature); (3) diffusion of solute 
atoms along dislocations or dislocation walls. Although it is not possible 
to distinguish between the several possibilities by only the present evidence, 
it is clear that on performing the cold-work at room temperature only the 
slow-reaction can be observed, the fast reaction occurring in a too short 
time at room temperature. This deduction is in good agreement with the 
results obtained by Bartsch and Bogott (1962) who made an investigation 
on the effects of plastic deformation at room temperature on pre-precipita - 
tion in a Al-Zn 15% alloy. 


$4. CONCLUSIONS 


The present work has been only of orientative nature so that the inter- 
pretation is still at a speculative stage. It appears however that the 
investigation of the pre-precipitation process after low-temperature cold- 
work is very productive. 

It has been possible to show that in the Al-Zn 10% alloy; (1) no large 
clustering occurs during the plastic deformation per se; (2) a fast clustering, 
controlled by the induced point-defects occurs in the range — 145°C to 
—10°c; however, since the induced point defects are quickly eliminated 
at dislocations, zones can grow only a small size; (3) a ‘slow-reaction’ is 
observed at or above room-temperature; (4) there is some evidence that 
point defects generated by cold-work and producing diffusion are vacancy- 
type defects; (5) the density of zones is not directly influenced by the 
plastic deformation, namely by the presence of dislocations. 
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Surface Structure of Water and Ice—A Reply and a Correction 


By N. H. FLETCHER 


Department of Physies, the University of New England, 
Armidale, N.S.W., Australia 


[Received 14 May 1963] 


Ix a recent note Watts-Tobin (1963) criticizes the present author's 
paper with the title given above (Fleteher 1962) and states, without 
presenting any detailed discussion, that its shortcomings are sufficient to 
invalidate its conclusions. He maintains that the oriented layer whose 
existence was discussed in the original paper cannot possibly be stable 
because of electrostatic depolarizing effects. 

It must be conceded at the outset that the model used in discussing 
water and ice surfaces was extremely crude and that a really good treat- 
ment should include the long-range electrostatic forces. However, a 
little consideration shows that inclusion of these forces affects only the 
numerical results and leaves the conclusions about the existence of the 
surface layer unaltered. 

In the first place Watts-Tobin suggests that the depolarizing field is 
essentially the same as that in a spherical cavity in a thin dielectric slab. 
This is an oversimplification and is no longer true if the molecular dipoles 
are of finite size. Indeed a calculation with a thin slab of ‘ dipoles * 
of finite size arranged on a cubic lattice shows that the depolarizing field 
may be much smaller than predicted from the * point-dipole ' model, and 
may even have the opposite sign when the dipole length becomes compar- 
able with the lattice spacing. 

Suppose that the depolarizing field is of magnitude 6P, where P is the 
polarization. Then the energy of a parallel dipole pis 6Pp, and calculation 
shows that this energy is at most of order 10-7? erg, which is comparable 
with other energies involved in the calculation. 

If @ is known, then, since P is proportional to the net orientation 
(&. — 3) in the notation of the original paper, the depolarization energy per 
molecule is proportional to («—4)%. There is already a term of this 
form in the free energy expression so that the result of including the 
depolarization energy is simply to modify the numerical results. If 
0 0 the film will be less stable than originally calculated, giving a thinner 
but still finite equilibrium layer. 

It might be useful to note that this sort of difficulty has arisen before 
in connection with certain treatments of ferroelectricity (Megaw 1957) 
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where indeed the situation is in some ways quite comparable. From an 
empirical viewpoint one might also point out that monomolecular oil 
films on water surfaces orient their dipoles in parallel array normal to the 
surface despite the influence of any depolarizing forces. 

In addendum it should be remarked that eqn. (26) of the original 
paper has been found to contain an error : the third term on the right 
hand side should contain an additional factor [1 —exp (—2yd)]. Minimi- 
zation of this free energy expression by numerical methods gives a curve 
closely similar to that of fig. 2, above —5°c, but below this temperature 
the film thickness decreases more rapidly and the film vanishes at — 12?c. 
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Fracture Mechanism of Single Crystals of Silicon 


By W. D. SvuwzesrROWICZ and Miss S. E. Koonce 
Bell Telephone Laboratories Incorporated, Murray Hill, New Jersey 


[Received 11 May 1963] 


MECHANICAL properties of single crystals of silicon were investigated 
recently by Sylwestrowiez (1962). The experiments described in this 
paper were conducted to establish additional information pertinent to the 
results obtained in the original work. 

It was established in the previous experiments that for samples of single 
erystals of silicon with the long axis in a (111) direction cleavage occurs in 
[111] plane. The question arises if this is also the cleavage plane for 
samples of different orientation. ‘To clear this point a few samples were 
tested with the long axisin (112) direction. It was found that the cleavage 
face for these samples was also a [111] plane. 


SSS LLN 


done i Temp.| de/dt urs CU Ir Gs 
Crystal | Sample |. p EU (x 109 Urs (x 10° 5 
(C) pans) dynes/em?) (79) dynes/em?) (76) 

A 91 1250 | 0-002 0:95 20:0 — 30 

A 88 1250 | 0-020 1-00 20:0 — 3: 
A 89 1250 | 0-100 1:30 19:5 — 33 
A 74 1250 | 1-000 2-45 19-0 7-5 29 
B 53 1080 | 0-02 2.2 13 48 20 
B 57 1080 | 0-20 3-4 13 5:3 20 
C 84 1350 | 0-02 1-1 17 — 25 
[0] 83 1050 | 1-00 3:5 17 5:5 t 


op: fracture stress; oyrs: ultimate tensile strength; ep: strain at fracture; 
eors: strain corresponding to the ultimate tensile strength; A and B: crystal 
of low oxygen content and high density of dislocations; C: crystal of high 
oxygen content and low density of dislocations. 


Additional experiments were conducted to check the generality of the 
statement that above 950°c the amount of plastic deformation prior to 
fracture does not depend on the rate of straining or temperature providing 
they are constant during the test. For this purpose four samples with 
long axis in a (111) direction were tested. Samples were taken from the 
same crystal of low oxygen content and high density of dislocations. All 
samples were tested at 1250°o with the rate of straining 0-002, 0-020, 0-100 
and 1-000 min-i. ‘The results of the tests are shown in the table (crystal A) 
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together with the previously published data. With the ratio P E A 
high as 500 the strains at the ultimate tensile stress are pee y id E us 
Same applies to the fracture strain. The restricting temperatur : o : = : 
corresponds to the temperature at which instability is initiated leading D 
the formation of the neck. Below this temperature fracture occurs before 
the material exhausted its possibility of plastic deformation. 


Direct-shadowed carbon replica of surface ih unstrained condition. 
Magnification 40 000. 


In the original paper a detailed discussion is given on the mechanism of 
fracture of single crystals of silicon. On the basis of the evidence obtained 
it was suggested that the cleavage fracture is initiated by a crack on the 
surface of the sample. Very narrow cracks of a length of the order of 
10-*em could be present in the crystal or introduced during the cutting 
of the crystal. Due to the preferential etching such cracks might not be 
eliminated even after considerable removal of the surface material from the 
crystal. ‘The extremely high stresses observed in some tests were attri- 
buted to the lack of such cracks. The existence of these microcracks, even 
after careful etching, was verified by electron microscopic examination of 
replicas of the sample surface. The micrograph (see figure), obtained 
from the direct-shadowed carbon replica, shows one such crack, A two 
step replica confirmed the topography indicated by the shadows in the 

micrograph. It should be mentioned also that these cracks are not 
numerous and only a small number of them were observed on the surface 
of the sample. 
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On the Determination of the Energy per Cell 
in a Diatomic Crystal Lattice 


By C. M. Kacumawa and S. C. SAXENA 


Physies Department, Rajasthan University, Jaipur, India 
[Received 25 April 1963] 


Ir is of great practical importance to know various macroscopic properties 
of diatomic crystals. Direct measured values are not always available 
and therefore reliable methods of computation will be useful. This, of 
course, is only possible if simple and accurate forms for the interaction 
potential energy be known with some confidence. Three different potentials 
involving only two unknowns have very often been used in such studies. 
These potentials which are now well known after the names who first 
suggested them are: Born; Born and Mayer; and Pauling. 

Tf y(r) denotes the interaction potential energy between two atoms a 
and j at a separation distance r, then the total energy of any one atom in the 
crystal is, Kittel (1956): 

$(r) =D’ Pil”): sod 67 5 A RENI) 
j 


where the prime indicates that the summation is to include all atoms 
exceptj=i. To compute $(r). a specific form for y(r) is assumed and the 
unknown parameters are evaluated according to the standard method 
(Kittel 1956, Born and Huang 1956). Here, use is made of the compressi - 
bility value at 0?x, and of the one essential condition which every potential 
must satisfy, viz. its first derivative with respect to 7 should be zero at 
rry, Where rois the equilibrium separation distance of the two atoms in the 
lattice, i.e. the value of 7 where $(r) is a minimum. The compressibility 
values are not always available and also their values at 0°x usually involve a 
large amount of uncertainty. Tt will, therefore, be interesting if we may 
have an alternative procedure which may dispense with the compressi- 
bility data altogether. The purpose of this note is to point out such a 
procedure. For the purpose of illustration we consider the case of alkali 
halides, diatomic ionic crystals and the interaction potential of Born and 
Mayer. 

On the Born and Mayer potential we have for the energy per cell of an 
alkali halide crystal as 


d(r) = —ae®/r+ A exp (—7/p). — Áo) 
Here e is the electronic charge, « the Madelung constant and A and p are 


the two constants. We suggest to determine p from the knowledge of ¢;,(7) 
for a diatomic alkali halide molecule. We have 


$y(r)= —@lry+aexp(—rglp). . s s. Q) 
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a and p are evaluated from the familiar conditions (Varshni 1957), viz. 


0d; (7 
s =0; at rre. me. cus) 
and 
: =ke, also at r-re. mucus ee) 


Here, re is the equilibrium internuclear separation, ie. the value of r 
where ġ;(r) is a minimum, and ke is the force constant. Thus, knowing p, 
A of eqn. (2) can be determined from the condition that 


ay —0, at n=: cure (5) 
This yields 
A — epe? exp (rolp) rg. Ium $e (6) 
where 
PRISCAE t ail waite os 2 RUD) 


Equation (6) should be preferred for computing A because it does not 
involve knowledge of any crystal property and moreover ke is known with 
much better accuracy. Putting r=7) in eqn. (2), we get for the lattice 
energy per cell: 

dr)scadniü-pgni. . .. ... (8) 
Tf we wish to use compressibility at 0°K, B, for evaluating A, one still gets 
eqn. (8) for the lattice energy per cell except p is now given by the following 
instead of eqn. (7): 


4-1 
p=" E bum for NaCl type structure, m (9) 
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and 
| P=" E F Sy Ot x: for CsCl type structure. (10) 
eg 
To demonstrate the accuracy of the procedure suggested in this work we 
will calculate the cohesive energies of the alkali halide crystals for which 
accurate experimental data are also available. If N is Avogadro's 
number then the cohesive energy per mole, W, is given by: 


W == (blr) elo E 


where e, is the zero-point energy per mole. 
All the constants necessary for calculations of this note (re, we, ry, B and 
€p) are given in the table along with their sources. Computed values of ke 
and p are also recorded. Utilizing the values of p and rọ the cohesive 
energy can be readily determined and the values obtained, according to 
both the procedures mentioned above, along with the experimental values, 
ij are listed in the table. The agreement between the two sets of caleulated 

values is reasonable, which establishes the general success of the new method 

suggested here for computing the constants of the expression for the lattice 
| energy per cell. However, the whole scheme of computation is approximate 
| because of the use of simple condition of eqn. (6a). If B; its temperature 
and pressure derivatives and thermal expansion coefficient be known, more 
accurate procedure of Born and Huang (1956) will be preferable. The 
method suggested here will be accurate enough for approximate calcu- 
| lations of crystal properties in conjunction with more realistic potentials 
| than that of eqn. (2). This will be reported later. 
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REVIEWS OF BOOKS 


Electromagnetic Waves in Stratified Media. By James R. Warr. (Pergamon 

Press Inc. 1962.) [Pp. 372.] Price £5 Os. Od. 

Tus book provides a valuable reference work for the mode theory of propagation 
in the earth-ionosphere waveguide, as much of the subject matter is based on the 
author's own investigations. The treatment is theoretical, and mainly devoted. 
to the methods of classical analysis, though there are references to the numerical 
techniques used in modern computer work. 

The reflection of plane, cylindrical and spherical electromagnetic waves is first 
studied for a plane stratified medium built up by the superposition of finite slabs 
of material, and is then extended to include stratified media with a continuous 
variation and to spherically stratified media. The results are applied in the 
wave guide-mode theory of propagation, and the analysis is then extended to 
include the effect of the earth's magnetic field, which causes ionized media to 
become anisotropic. 

Special emphasis is given to radio waves in the very low frequency range 
(3 to 30 ke/s), though extremely low frequencies (1 c/s to 3 ke/s) and tropo- 
spherie mode propagation at very high frequencies are also discussed. 

In the Introduction it is claimed that a physical approach is adopted rather 
than a formal treatment couched in the language of the mathematician. Many 
physicists, however, will find the content too mathematical for easy reading, 
and for them, Dr. Budden’s presentation, The Waveguide Mode Theory of Wave 
Propagation (New York: Prentice-Hall) should prove an easier introduction 
to the subject. M. L. V. Prrreway 


Handbook of Thermophysical Properties of Solid Materials. Vol. IV. Revised 
edition. By A. Gonpsmirs, T. E. WATERMAN and H. J. HriRSCHHORN. 
(Pergamon Press, 1962.) [Pp. 798.] Price £33 0s. Od. per set. 

READERS of Physics Today will have noticed the review of a volume entitled 

Properties of Materials at Low Temperature (Phase 1), on p. 59 of the issue of 

August 1962. They will also have read the letter from Robert Maxwell, on 

behalf of Pergamon Press Ltd., on p. 84 of the January 1963 issue of Physics 

Today. This seems to be another horse out of the same stable. Iam informed 

by the sponsor of the present volume Mr. Jules I. Witterbort, of the U.S.A.F., 

that the Macmillan Company of New York published all five volumes of the 

Handbook of Thermophysical Properties of Solid Materials, Goldsmith et al., 

in 1961 through an official agreement with the United States Air Force. These 

volumes are readily available from the publisher. He is not aware of any 
agreement between Pergamon Press and U.S.A.F. of the U.S. Department of 

Commerce Office of Technical Services relative to publishing of W.A.D.C. 

Technical Report 58-476 as a handbook. 

Perhaps it is time for the learned societies to approach the agencies of the 
"United States Government to protect the reputation of their members whose 
Technical Reports being in the * public domain ° are not subject to the ordinary 
laws—even apparently the ordinary courtesies—of copyright. J. M. ZMAN 


Elementary Particles and Cosmic Rays. By A. RAMAKRISHNAN. (Pergamon, 
1962.) [Pp.256.] Price £3. 10s. 0d. 

THE author considers three distinct topics, namely, quantum field theory, 

the physics of elementary particles and cosmic-ray physics. The resulting 

treatment is necessarily rather brief when one considers the volume of material 

available on each topic. It is not suitable as an introduction to any one of 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
1434 Reviews of Books 


these topics and the reader should be familiar with the basie ideas of quantum 
field theory, relativistie wave equations and have a good background knowledge 
of the physies of elementary particles. Given this knowledge the book will 
provide the reader with a survey of some of the theories and problems encoun- 
tered in the study of elementary particles up to about 1961. It also gives a 
fairly extensive discussion of the theory of cosmic-ray showers. à j 
This book is written for theoretical physicists and is at a level which will 
normally be reached by students during their first year of post-graduate 
study. ` ; R. J. EDEN 


Elements of Tensor Calculus. By A. Licunerowrez. (Methuen, 1962.) 

[Pp. viii+164.] Price 21s. 

Professor Lichnerowicz is well known for his mathematical contributions to 
general relativity and to differential geometry. In this short but authoritative 
book he distils the essence of the French approach to tensor calculus, initiated 
by his great predecessor Elie Cartan. This approach is perhaps too abstract to 
suit physicists as a first introduction to tensors, but is well worth studying 
later on for the insight it gives into what tensors ‘really are’. Those readers 
who find this rewarding could then turn to more advanced texts such as 
Willmore’s on Differential Geometry. 

The last part of Liehnerowiez's book is concerned with applications of 
tensor calculus to special and general relativity and to classical dynamics. 
The accounts of relativity are elegant but brief, and a more detailed account 
written in the same spirit: will be found in another recent Methuen Monograph, 
by D. F. Lawden. However, the chapter on classical dynamies contains less 
familiar material. The basic idea is to introduce a Riemannian metric into the 
configuration space of a dynamical system, the components of this metric 
being determined by the dynamical parameters of the System. Its evolution 
can thus be represented in a geometrical manner : in many cases the represen- 
tative point in configuration space simply moves along a geodesie, as in the 
familiar example of a particle moving on a surface. "The author hints at some 
of the important applications of this idea, but leaves the reader eagerly asking 
for more. Perhaps Messrs. Methuen could prevail on Professor Lichnerowicz 
to write them a Monograph on this subject. D. W. Scrama 


Le Probleme a N Corps : Propriétés Générales des Gaz de Fermions. By 
P. NozibRES. (Paris: Dunod, 1963.) [Pp.320.] Price 45 NF. 
THe * Many-Body Problem ` of quantum mechanics is one of the major enter- 
aE modern theoretical physics, and Dr. Nozieres has now produced 
one of the major treatises on the subject, He starts with the phenomenological 
theory of Landau, deals with the response function, introduces Green’s functions 
proves the existence of elementary excitations, and then plunges into pertur- 
Pron TOn: With mag of graphical methods he is then able to discuss 
1e energy oi quasi-particles, their interaction and t of excitations 
seeded ee d the problem of excitations 
ae treatment is general, and rather formal ; 
which many of the results correspond are noted. i 
y sults 5 a oted, but not described b 
7 RE : the theory to specific problems. Tt is at qe 
‘ork oi applied mathematics ’ than theoretical physics ^, i ; iei 
the properties of a narrowly : MN qs DET 
s y defined and somewhat simpl; i 
ID 29 OA GI and s simplified system 
derived. But the mathematical steps are described with m t EE Pus 
great detail; the notation is elegant, and the language ee om 5 
This is not an elementary book : the reader should k du DS 
subject before he begins. But he will find jt cas Wer MED 
id It easy to read, authoritative and 


complete within itself, and it will rovide hi it i 
the attack on any problem in this feld moe Dui OREMUS 


the physical phenomena to 
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Is it fancy that mathematics is always easier to understand in French ? 
Here is a book in the high tradition to which we have become accustomed since 


Laplace and Lagrange. J. M. Ziman 


Theory of Lattice Dynamics in the Harmonic Approximation. By A. A. 
MaRADUDIN, E. W. MosTROLL and G. H. Wxrss. (New York: Academic 
Press, 1963.) [Pp. 319.] Price £4 Os. Od. 

Turs ‘Supplement’ to the Seitz-Turnbull Series on Solid State Physics is an 
admirable account of a central theme in the theory of solids. It covers the 
general theory of vibrational modes, the effects of defects, disorder, and surfaces, 
and the scattering of x-rays and neutrons by lattice vibrations. The emphasis 
is on the local, ‘atomic’ features of thermal vibrations—no attempt is made 
to discuss all their macroscopic consequences. Although this is an old subject, 
which has been reviewed many times in books and papers, it is surprising how 
much new material there is, and what new insights have been achieved in the 
past few years. As one would expect from these authors, the exposition is 
clear, elegant and critical—this is a book from which one could really work, 
not just an annotated bibliography. It promises to become the main source- 
book on the subject for at least the next ten years. J. M. ZIMAN 


BOOK NOTICES 


Precipitation Hardening. By A. Kerry and R. B. NroHorsox. Progress in 
Materials Science, Vol. 10, pp. 151-391. (Oxford: Pergamon Press, 1963.) 
Price £3 0s. 0d. 

Proceedings of the International Conference on the Ionosphere, London, July, 1962. 
Edited by A. C. STICKLAND. (London: The Institute of Physics and The 
Physical Society, 1963.) [Pp. 528.] Price £5 5s. Od. 

Structure Reports for 1953. Vol. 17. General editor: W. B. Pearson. 
Published for the International Union of Crystallography by N. V. A. 
Oosthoek's Uitgevers Mij, Utrecht, 1963. [Pp. 863.] Price £12 10s. Od. 

International Symposium on Luminescence, Balatonvilágos, June 7-10, 1961. 
(Budapest: Hungarian Academy of Sciences, 1962.) [Pp. 218.] ; 

Recent Research on Beta-Disintegration. By A. I. ALIKHANOV. Translated 
from the Russian by Wmt1am E. Jones. International Series of Monographs 
on Nuclear Energy, Division IL: Nuclear Physics, Vol. 12. (Oxford : 
Pergamon Press, 1963.) [Pp. 130.] Price 20s. 

The Physics of Experimental Method. Second edition. By H. J. J. BRADDICK. 
(London: Chapman & Hall, 1963.) [Pp. 480.] Price £2 5s. Od. 
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Vorträge und Diskussionen auf dem IV. Internationalen Kolloquium über 
Korpuskularphotographie, München, 1962. (München: Institut für wissen- 
schaftliche Photographie der Technischen Hochschule, 1963.) [Pp. 700.] 

Le Frottement Intérieur des Metaux. Comptes rendus du colloque tenu a 
Saint-Germain-en-Laye les 13 et 14 Octobre, 1960. Comité de rédaction : 
C. CRUSSARD, G. SAADA, J. PHILIBERT. Publie sous les auspices de l'Institut 
de Recherches de la Sidérurgie Francaise (Saint-Germain-en-Laye) et du 
Centre National de Recherches Métallurgiques (Liège). [Pp. 169.] 45 NF. 

Advances in Upper Atmosphere Research. Papers presented at the NATO 
Advanced Study Institute at Corfu, July 1960. Edited by B. LANDMARK. 
(Oxford : Pergamon Press, 1963.) [Pp. 340.] Price £4 Os. Od. < 

Contemporary Models of the Atomic Nucleus. By P. E. Nemmovsrku. Translated 
from the Russian by S. and M. Nikolić. (Oxford : Pergamon Press, 1963.) 
[Pp. 332.] Price £5 0s. 0d. 
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Physics of Fully Ionized Gases. By Lyman Spitzer, Jr. Second revised 
edition. Interscience Tracts on Physics and Astronomy, No. 3. (Inter- 
science Publishers, 1962.) [Pp.170.] Price £1 16s. Od. CB 

Applied Cryogenic Engineering. Edited by R. W. VANCE and W. M. DUKE. 
(New Won John Wiley & Sons, Inc., 1962.) [Pp. 510.] Price £6 125. 0d. 

Introduction. to Atomic and Nuclear Physics. By HENRY SEMAT. Fourth 
Edition. (London: Chapman & Hall, 1962.) [Pp. 628.] Price £3 105. 0d. 

Problems of Low Temperature Physics and Thermodynamics. Vol. 3. Pro- 
ceedings of the International Institute of Refrigeration Commission 1, 
London, 1961. Edited by A. VAN ITTERBEEK. (Oxford : Pergamon Press, 
1962.) [Pp.196.] Price £3 3s. Od. 

Plasma Physics and Thermonuclear Research. Vol. 2. Progress in Nuclear 
Energy, Series XI. Edited by C. L. LONGMIRE, J. L. Tuck and W. B. 
TTHowPsON. (London: Pergamon Press, 1963.) [Pp. 367]. Price £5 0s. Od. 

Proceedings of the Symposium on Electromagnetic and Fluid Dynamics of 
Gaseous Plasma, New York, 4-6 April 1961. Microwave Research Institute 
Symposia Series, Vol. XI. Edited by J. Fox. (Brooklyn, N.Y.: Poly- 
technic Press, 1962.) Distributed by Interscience Publishers, New York. 
[Pp.468.] Price £3 Os. Od. 
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Neutron Damage in MgO 


By G. W. Groves and A. KELLY 
Department of Metallurgy, University of Cambridge 


[Received 4 April 1963] 


ABSTRACT 


Single crystals of MgO irradiated to a dose of 4 x 101? nvt at <200°c become 
very brittle, and the length of the slip bands spreading from a microhardness 
indent becomes very small. - Damage is visible under the electron microscope, 
but is too small to identify positively. From the density of this damage, 
and the smallness in the increase of the lattice parameter, 0-09%, it is 
concluded that most of the ions which had been displaced subsequently 
returned to normal lattice sites during irradiation. Upon annealing, the 
damage coarsens and can be identified as prismatic dislocation loops of 
«110» Burgers vector lying on {110}. A crystal, irradiated to a dose of 
5-4 x 10 nvt at 650?c, contained similar dislocation loops, the majority, if not 
all, of which were of interstitial type. The damage in this crystal was homo- 
geneous except for a narrow surface zone <1 u deep, but when exactly similar 
crystals were annealed in air at, 1200*c and 1350?c, the loops disappeared from 
a surface zone many microns deep whilst coarsening in the centre of the crystal. 
The length of the slip bands spreading from an indent varied with depth 
accordingly. The implications of this result are discussed. 


$1. INTRODUCTION 


Some ionic solids are highly susceptible to radiation damage, even by 
radiations which cannot knock ions out of their sites by direct momentum 
transfer. For example, NaCl is hardened by x-rays, and there is evidence 
that small particles of Na metal are formed in the crystal (Aerts et al. 1959). 
The mechanical properties of MgO, however, are quite unaffected by doses 
of x-rays which produce intense hardening of NaCl or LiF. Further, 
Wertz et al. (1961) have concluded from the results of an electron spin 
resonance study of MgO that x-irradiation does not in itself produce 
negative ion vacancies, unlike the situation in alkali halides. The fact 
that MgO is much less sensitive to ionizing radiations than NaCl or LiF 
suggests that there is no efficient mechanism in MgO for displacing ions 
with the energy given to electrons. Support for this idea comes from the 
fact that MgO flakes can be viewed for long periods in the electron micro- 
scope without showing any change. The 100 kv electrons bombarding the 
flake cannot knock out ions; if displacements were occurring by any other 
mechanism it seems likely that there would eventually be microstructural 
evidence of them, such as is observed in KCl flakes (Tubbs and Forty 1962). 
Clarke and Sambell (1960) found that MgO crystals irradiated to neutron 
doses of 1017 to 101? nvt had a higher fracture stress, and a different mode of 
fracture from normal crystals. We have examined in the electron micro- 
scope flakes prepared from similarly irradiated crystals, which also showed a 


P.M. 5D 
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change in mechanical properties. No damage was visible. Crystals 
irradiated to a higher dose in a different reactor (PLUTO, A.E.R.E., 
Harwell) showed microstructural evidence of damage, as well as a change in 
mechanical properties and lattice parameter. This paper describes and 
discusses these effects and the way in which normal properties are recovered 
as the crystals are heated. Some preliminary results similar to these have 
been reported by Bowen et al. (1962). 


§ 2. NEUTRON IRRADIATED CRYSTALS 

MgO single crystals were obtained from the Norton Company. They 
contained about 1000p.p.m. impurity, chiefly Al, Ca and Fe. Crystals 
with dimensions approximately 5mm x 5mm x 20mm were irradiated to 
a nickel dose of 4x 10!nvt at less than 200?c. The crystals became 
intensely coloured and very brittle. A slice of crystal was cleaved and 
polished by hot orthophosphorie acid to a thickness of —0-1mm. The 
surfaces were sprinkled with SiC powder to introduce dislocations before 
testing the slice by 4-point bending. This procedure ensures ductility in 
anormal crystal. The slice fractured at an outer fibre stress of 38:4 Kg mm-? 
without any departure from linearity of the load-extension curve. This 
stress is about 2-5 times the yield stress of a normal crystal tested in the 
same way. ‘The microhardness increased by only about 10%, but the 
length of the slip bands spreading from a microhardness indent was greatly 
reduced. This parameter (first used by Whapham (1958) to study irradia- 
tion damage) was measured after etching the indented crystal in boiling 
nitric acid, which produces pits at points where dislocations meet the 
surface. Etched indents can be seen in fig. 9. The indenter diagonals 
pe x parallel P S00): The four lengths of the bands with a (110) 
2. iüvet i i give an average slip band length, which was not 
Pd He ation of the indenter. This parameter is a measure of 
i AUSTEN Ce TO te motion of a dislocation in the undeformed crystal, 
ec ae s ME band eves out from the indent until 
Bobstinced hy the eee er 5 S with the dislocations behind it, 
were so compressed as to be difficult te ae " s Red crystals 
associated cracks enlarged by the etch M NU Gene indent and 
s AS ) ant. A length of 26 p was found for 

aload of 96g. This can be regarded as a maximum, and is of order one 
tenth the value for a normal crystal. Because of its sensitivity and 


convenience, the slip band length w. 
! g as subsequently used indi ] 
of the mechanical properties. h 4 i NM 


In the electron microscope a fine-scale damag 
appearance is sensitive to the diffracting conditions and o 
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Neutron damage in a MgO crystal irradiated at «200?c to 4x10! nvt. In 
this and all subsequent micrographs the plane of the specimen is (001). 


Dots are seen to move jerkily in straight lines, sometimes over several 
hundreds of angstroms. Sometimes a dot moves backwards and forwards, 
performing for a few seconds a jerky oscillation of a few hundred angstroms 
amplitude. During large translations or oscillations it was possible in a 
few cases to identify the direction of motion as being [110] or [110] in 
projection on to the (001) specimen plane. It is suggested that a dot which 
moves is a dislocation loop which is able to glide on the cylinder defined by 
its perimeter and Burgers vector. The observed direction of motion is 
consistent with loops of (110) Burgers vector. Sometimes dots meet and 
amalgamate. 

To estimate the density of dots it was necessary to guess the thickness of 
the flake, because the dislocations at crack tips, normally used to measure 
the thickness, were either absent or unrecognizable. The guess was based 
on the thickness of those specimens with the most similar microstructure 
whose thicknesses were measurable, i.e. those annealed at 800?c (fig. 2). 
The density of dots was in the range 10” to 4 x 10!” dots em= or roughly 
2 x 10-9 dots per ion. 

To assess the significance of the microstructure, we try to estimate the 
number of ions displaced during the irradiation. The results of a calculation 
based on work of Kinchin and Pease (1955) are given in table 1. Emax is 
the maximum energy given to an ion when it is displaced by a neutron, 
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MESS 
Fig. 2 


DDARU 


Neutron damage in a crystal annealed at 800°c for an hour after irradiation to 
4x10" nvt. 


becoming a ‘primary knock-on’. The neutron energy was taken as 2 Mev. 
Le is the cut-off energy below which an ion is incapable of losing energy 
by exciting electrons. Since #max > Le, most of the energy of the primary 
knock-on is lost in exciting electrons. Itis assumed that this excitation does | 
not lead to ionic displacements. Na is the number of ions displaced by a 
primary knock-on in Rutherford and hard-sphere type collisions, caleulated 
from the formula: 


——————————ÀMÀÀ NEP NST 


Na (2— Del Emax)Le]4Hq. 
The minimum energy required to displace an ion, Hg, was taken as 25ev 
for both Mg** and O?-. 
Np=orp is the fraction of ions which have been hit by a neutron. For 
the neutron dose $ the nickel dose of 4x 101? was used. A value of 
2:5 x 10-*4em? was used for the cross section, oi, of both Mg?* and O?- 


Table 1 


Ton | Emax (Mev) Le (Mev) Na Ny Calculated 


displacements 
ee S 
pex e AE 


Mg?* 0:304 0:049 900 1071 
02- 0-444 0:032 600 10-4 0:075 ions per ion 
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(Hughes and Harvey 1955). In the last column of table 1 the number of 
ions displaced per ion is given. 

Np gives the concentration of displacement spikes, i.e. regions containing 
a high density of point defects. The density of dots was estimated as 
2 x 10-5 dots per ion and when this is compared with Np it is seen that the 
dots are too few to be the marks of all the expected displacement spikes. 

The fraction of ions displaced during the irradiation is calculated to be 
0:075. Assuming that the dots are aggregates of point defects 304 in 
diameter, then if they are loops they contain about 220 ions and if spheres 
about 1500. With 2 x 10-9 dots per ion this gives only 5 x 10-1 (for loops) 
or 3 x 10-? (for spheres) point defects per ion. If this discrepancy is to be 
resolved by isolated point defects, then these must be present in a concen- 
tration of order 0-075 Frenkel defects per ion. Interstitials ions may be 
considered as centres of pressure expanding the lattice isotropically 
(Tucker and Sampson 1954). The x-ray lattice parameter increases 
accordingly and for a concentration of interstitials c 


Aala = kc, 


where the constant / is usually thought to be of order unity (Seitz 1956). 
The effect of a vacancy is thought to be much smaller, so that with a concen- 
tration of Frenkel defects of order 0-075 one expects a lattice parameter 
increase ~ 0:075. The increase in lattice parameter was measured and 
found to be only 9-3 x 10-4+1x 10-4. Unless there is a high concentration 
of unobserved aggregates of point defects, one must conclude that the 
majority of the ions which were displaced subsequently returned to normal 
lattice sites. 


$3. Tum EFFECT or ANNEALING ON MICROSTRUCTURE AND PROPERTIES 


Slices from the irradiated crystals were polished down to a thickness of 
0-1 mm and annealed for an hour in air at various temperatures. The 
crystals were put into the furnace at temperature and air-cooled to give 
fast heating and cooling rates. Microscope specimens were obtained from 
one surface of a slice by polishing with a jet of H,PO, the other surface 
(Washburn et al. 1960). 

Annealing coarsens the damage structure. At 800°c loop-like images 
are easily recognized (fig. 2). The coarsening continues as the annealing 
temperature is raised, and at 1100°c it was possible to show that all the 
visible damage consisted of prismatic dislocation loops on (110). This is 
illustrated in fig. 3 (a) and (b). In fig. 3 (a) all loops are visible, but after 
tilting the specimen so as to introduce a single strong (220) reflection, fig. 
3 (b), one set of loops disappears. A few of these are marked by triangles 
in the figures. This selective disappearance shows that the images are of 
dislocation loops, and the diffraction pattern of fig. 3(b) shows that the 
Burgers vectors of the loops enclosed by the triangles are normal to the 
[110] major axes of the loops when projected on to the (001) specimen 
plane. Prismatic loops on any plane with [110] as zone axis, e.g. (110) 
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or (111), fulfil this condition. Within the circles drawn on fig. 3 are loops 
whose major axes project along [100] and [010] indicating that the loops | 
are on {110}. This was confirmed in a different area by making loops with | 
a [100] axis become faint with a strong (200) reflection. To eliminate the | 
possibility that loops occur on more than one type of plane, such as {111} | 
and {110}, a count was made of the numbers of loops with each direction of | 
major axis. These numbers were compared with the numbers expected | 
on the basis of various loop distributions, assuming that each plane consi- | 
dered had an equal share of point defects aggregated into loops. The best l 
fit was given by loops on {110} alone, although the number of loops with a 
(100) major axis was slightly less than expected, perhaps due to the loss by 
glide of some which were close to the surface. 

'The density of loops decreased with annealing temperature (fig. 4), 
and at 1210°c no loops were seen. The average size of loop inereased with 
temperature so that the density of point defects collected in the loops 
decreased more slowly with temperature than did the density of loops. 

Slabs of crystal with dimensions about 4mmx2mmx2mm_ were 
annealed in the same way as the thin slices and microhardness indents were 
then made on the surface. The slip band length is plotted against the temp- 

erature of one hour anneals in fig. 5. The readings below 800°c should be re- 
garded as maximum values, due to the difficulty of distinguishing slip bands 
in the very compressed region of deformation round the indent. The length 


Fig. 3 
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Dislocation loops in a crystal annealed at 11 
z; i crystal anne t 1100°c for an hour 
to4x10'nvt, The flake was tilted slightly poco 


after irradiation | 
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Fig. 4 
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TEMPERATURE °C 
The number of loops observed after annealing at various temperatures for one 
hour. Specimens taken from close to the surface of the irradiated 
and annealed crystal. 
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The recovery of the length of the slip bands at microhardness indents made on 
the surface of irradiated and annealed crystals. 
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of the slip bands returned to normal in the same temperature range, i.e. 1000 
to 1300°c, as that in which the loops disappeared from near the surface of 
thin slices. There was a corresponding increase in the ductility of an an- 
nealed slice. Figure 6 shows aslip band ina thin slice which was bent after 
being annealed at 1050°c. The arrangement of dislocations in the slip 
band is quite similar to that in a normal crystal (Groves and Kelly 1963). 


A slip band produced by bending a slice of MgO, annealed at 1050°c for one 
hour after irradiation. 


Fig. 7 
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The annealing out of the lattice parameter increase is shown in fig. 7. 
The parameter was obtained from a prism 0-1 x 0-1 x 10mm which was 
given successive one hour anneals at the temperatures shown. The 
significance of the apparent small minimum at 1200°c is not known. 

In summary, an hour’s anneal in air at 1300*c is sufficient to return all 
properties to normal near the surface of the annealed crystal. The 
recovery of the mechanical properties correlates well with the disappearance 
of dislocation loops, but a change in the lattice parameter occurs at lower 
temperatures. 


$4. TuE VARIATION OF MICROSTRUCTURE AND PROPERTIES WITH 
DISTANCE FROM THE SURFACE 


The results of the preceding section refer to recovery near the surface of 
a crystal. The situation in the interior of a crystal is not the same, as the 
following experiment indicated. An annealed slab of irradiated crystal 
was cleaved in half and a series of microhardness indents was made on the 
fresh surface so obtained. The crystal softened as the original surface was 
approached. In a control specimen, an unirradiated crystal treated in 
exactly the same way, the slip band length did not change as the original 
surface was approached. The variation of slip band length and microstruc- 
ture with depth in irradiated and in irradiated and annealed crystals was 
then investigated using two crystals which had been irradiated together 
at 650°c to a nickel dose of 5-4x 10!?nvt. The dimensions of the two 
crystals cleaved out of the same large crystal, were almost identical: 
crystal A was 16:5 x 2-97 x 1-12 mm and crystal B 16-6 x 2:94 x 1-15 mm. 
Crystal A was cleaved up as shown by the dotted lines in fig. 8 and micro- 
hardness indents were made on the slab ABCD along the line XX'. The 
remainder of the erystal was cleaved into eight thin slices with faces parallel 
to CDEF. ‘The thickness of each slice was measured with a micrometer so 
that when microscope specimens were prepared from them, their distances 


Fig. 8 


Method of cleavage of crystal irradiated at 650°c. 
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from the surface CDEF were known to within afew microns. The distances 
from the other surfaces were not accurately known; the specimens were 
taken from as near as possible the centre of the face of a slice. Crystal B 
was cleaved into two pieces so as to halve its longest dimension. One-half 
was annealed for an hour in air at 1200?c, with rapid heating and cooling 
rates, and then cleaved up in the same way as crystal A. Some results of 
these experiments are summarized in table 2. 

In the as-irradiated crystal A, no systematic variation in slip band length 
could be detected on the freshly cleaved surface ABCD (fig. 8). The 
indents along one-half of the line XX’ are shown in fig. 9; the indent 
closest to the original surface is 40. from it. The mean slip band length of 
52 may be compared with the mean of 130+ 7, of slip band lengths in 
three different areas of the large unirradiated crystal from which the two 
irradiated crystals were cleaved. Indents made on the original surface 
itself gave a slightly but significantly larger slip band length (table 2), 
indicating a shallow softer zone at the surface. The microstructure 
results entirely support these findings. The damage consists of {110} 
prismatic loops and defects which are too small to identify (fig. 10). The 
distribution of sizes is given in fig. 11; the preponderance of small defects 
distinguishes the damage in this case from that observed in crystals 
irradiated at <200°c and annealed at 1000°c for an hour. For the pur- 
poses of calculating the concentration of aggregated point defects (table 2), 
it was assumed that the small defects were also dislocation loops. If they 
were in fact spherical aggregates the concentration would be roughly 


Fig. 9 
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Microhardness indents approaching an original surface of a crystal irradiated 
to 5:4 x 10!? nyt at 650?c. 
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Neutron damage in a erystal irradiated at 650°c to 5-4 x 101? nyt. 
dislocations in the upper part of the micrograph come from t 
crack which was introduced during specimen preparation. 


Fig. 11 
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Fig. 12 


Dislocation loops on {110} in the centre of a crystal (i.e. 0-5 mm from surface) 
annealed at 1200°c for an hour after irradiation at 650°c. 


Fig. 13 
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Histogram of the diameters of 365 loops in the crystal annealed at 19009o 
for an hour after irradiation at 650°c. 
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doubled. The microstructures at distances of 42, 160 and 453 p from the 
nearest original surface (CDEF, fig. 8) were indistinguishable. Specimens 
taken from the original surface were different. ‘They were prepared by 
polishing the inner surface with a jet of phosphoric acid. Due to acid 
washing over immediately after a hole is made or due to dissolution in the 
rinsing bath a little material may be lost from the original outer surface, 
but from the known rates of polishing this cannot exceed 1 p, and may well 
be much less. In the thinnest areas of these specimens no damage was 
visible, but in the thickest areas the damage resembled that in a specimen 
from the interior of the crystal. This implies that the surface zone which is 
free of visible damage is only of the order of 1 p or less in thickness. 

In the centre of the crystal which had been annealed at 1200°c after 
irradiation a much coarser damage was observed. All the visible damage 
consisted of {110} prismatic dislocation loops (fig. 12). Some loops were as 
large as 600 A diameter. There were no very small defects ; the distribution 
of sizes shown in fig. 13 may be contrasted with that shown in fig. 11. 
In spite of the large difference in the sizes of the loops before and after 
annealing, there was hardly any significant difference in the ionic concen- 
tration of point defects ‘contained’ in them (table 2). The density of 
loops 60, from the surface was quite obviously less, and measurement 
showed that the number of point defects collected in the loops had been 
reduced to about a third its former value (table 2). To avoid confusion 
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due to the narrow loop-free zone at the surface of the as-irradiated crystal, a 
specimen was taken from the surface of a slice from the interior of crystal A, 
after the slice had been annealed at 1200°c. Only very occasional loops 
were seen. The slip band length varied with depth in the way which would 
be anticipated from these results. Figure 14 shows the complete traverse 
along the line X X" (fig. S. Ina control specimen, an unirradiated piece of 
the same crystal, there was no variation in slip band length with depth 
after annealing in the same way. 

The second half of crystal B was annealed at 1350°c for an hour. In the 
centre of the thin piece the sizes of the loops were similar to those in the cen- 
tre of the half annealed at 1200?c, but the density of loops wassmaller. The 
ionic concentration of point defects contained in the loops 570 u from the 
nearest surface was 4-1 x 10-9, slightly less than that 60 from the surface of 
the half annealed at 1200?c. There were no loops 66, from the surface. 
The measurement of the slip band lengths showed that a fully softened sur- 
face zone now extended for about 180, (fig. 15). A control specimen 
annealed at 1350?c showed no change in slip band length near the surface. 

It must be concluded that the surface plays a crucial role in the removal 
of neutron damage from these crystals on annealing in air. 


$5. DISCUSSION AND CONCLUSIONS 

It is assumed that the significant damage caused by neutrons is in the 
first place the displacement of Mg?* and O?- ions, and that the defects 
which can be observed under the electron microscope are aggregates of 
displaced ions, or vacant lattice sites, or both. Only relatively large 
aggregates, containing ~100 ions, are expected to be observable (a 
detailed investigation of paramagnetic point defects and small aggregates 
in neutron damaged MgO has been made by Wertz et al. (1961), using the 
technique of electron spin resonance). Because of the low density of 
observable damage, and the smallness of the lattice parameter increase 
($2), it is suggested that most of the displaced ions returned to normal 
lattice sites, even during the irradiation at the lower temperature ( < 200?c). 

There is no obvious reason why equal numbers of Mg?* and O?- ions should 
be displaced, although, for simplicity, this was assumed to be the case in 
the estimate of the number of displacements given in table 1. However, 
all the visible damage in crystals which were annealed at — 1100?c after 
irradiation so as to coarsen the damage was positively identified as being 
prismatic dislocation loops of (110) Burgers vector lying on (110). These 
must be formed by the aggregation of at least approximately equal numbers 
of Mg and O point defects, since the extra half-plane of an edge dislocation 
with a/2 (110) Burgers vector contains equal numbers of Mg?+ and O?- 
ions. 

The removal of the visible damage by annealing in air takes place in à 
rather surprising way. One might expect that vacaney and interstitial 
point defects, isolated or aggregated, would be intermingled in equal 
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numbers and that when self-diffusion became possible they would annihilate 
one another by diffusion over distances ~ 100 Å. What actually happens 
is that the {110} prismatic loops are removed over a depth of many microns 
at the surfaces of the annealed crystal while coarsening at approximately 
constant total area in the centre of the crystal. This result would be 
difficult to understand if the loops were of both interstitial and vacancy 
type. Although, as Westmacott et al. (1962) have pointed out, loops of the 
two types may grow almost independently if like loops amalgamate by the 
process of ‘conservative climb’ (Kroupa et al. 1961), this process cannot 
account for the loss of loops further than 0-1 from the surface. Further, 
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If the dislocation loops are interstitial, the possibility must be considered 
that the corresponding vacancies were somehow removed during the 
irradiation. Their removal by interstitials would imply an excess of 
interstitial defects. Such an excess could be developed in the interior of 
the crystal provided that the power of the neutrons to displace ions dimini- 
shed as they passed through the crystal. In this case, since the ions would 
be, on the whole, knocked forward, they would lodge interstitially at a 
position where the number of vacant sites was somewhat less. However, 
the fractional excess of interstitials could not exceed the order of the 
ratio 6/N, where ô is the distance which the ions are knocked forward, 
and XN is the mean free path of a neutron. With N~ 1cm, this ratio 
cannot plausibly be as great as 10-3, which is the fraction of the estimated 
number of displacements that is observed as loops. The removal of either 
the Mg?+ or O?- vacancies by diffusion to the surface would imply a mobility 
which is implausible, at least at <200°c. 

One must conclude that sufficient vacancies are present to eliminate the 
interstitial dislocation loops, but in such a form that they are unable to do 
so at temperatures below 1350°c. The elimination of loops near the surface 
may occur by the inward diffusion of Mg?* and O°- vacancies, or by the 
diffusion of some entity which frees the vacancies which are already present. 

The mechanical properties of heavily irradiated crystals, as indicated by 
the length of the slip bands spreading out from a microhardness indent, 
correlate well with the observable damage. The slip band length increases 
as the loops coarsen and returns to its original value when the loops 
disappear. It must be remembered, however, that a decrease in slip band 
length was observed in the absence of observable damage in less heavily 
irradiated crystals. 
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ABSTRACT 


Clustering of excess vacancies in copper single crystal specimens was 
followed by resistivity, x-ray small angle scattering, and stress-strain curve 
observations. 

No change in yield stress or strain hardening rate was associated with 
excess vacancies when they existed primarily as single vacancies, divacancies 
or perhapsslightly larger aggregates. An increase in the critical resolved shear 
stress at the yield that was independent of the orientation of the tensile 
axis accompanied the growth of vacancy clusters in the size range 10 A to 
30 å. Larger clusters also were associated with orientation dependent changes 
in the strain hardening characteristics. 


$1. INTRODUCTION 


QUENCHING of copper crystals from near the melting temperature can 
result in retention of a vacancy concentration of 10-? to 10-*. On ageing 
at a temperature high enough for vacancy migration, these excess vacancies 
tend to cluster. The defects finally formed involve very large numbers of 
vacancies (of the order of 104) in the form of prismatic dislocation loops 
or stacking -fault tetrahedra (Smallman et al. 1959, Cotterill 1962). These 
have also been studied in detail for several other f.c.c. metals by trans- 
mission electron microscopy (Hirsch et al. 1958, Sileox and Hirsch 1959, 
Mader et al. 1961, Cotterill 1961, Cotterill and Segall 1962). Large pris- 
matic loops or tetrahedra result in a moderate hardening of the crystal 
(Maddin and Cottrell 1955, Tanner and Maddin 1959, Kimura et al. 1959, 
Meshii and Kauffman 1959). 

Irradiation experiments show that hardening can also be produced by 
much smaller clusters that cannot be clearly identified by transmission 
electron microscopy as loops or tetrahedra (Blewitt et al. 1957, Makin 
1957, Makin and Blewitt 1962). These have been called ‘black spot’ 
defects. They may be stacking -fault tetrahedra or loops with dimensions 
less than 50&. It has been suggested by de Jong and Koehler (1963) that 
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vacancy clusters as small as six vacancies can collapse to form a dae 
fault tetrahedron and that these can grow by absorbing individual or 
divacancies at their edges. Because small clusters within the size range 
10& to 50A can be formed in very great density in a crystal by heavy 
particle irradiation, the hardening that can be achieved can be very much 
greater than that possible by quenching and ageing. oan 

It also seems likely that small clusters of vacancies and interstitials are 
formed by moving screw dislocations. These may play a unns more 
important role in strain hardening than is usually assumed. The flow 
stress might not be dependent only on the dislocation sub “structures that 
are observed, but also on the density of invisible clusters of point defects 
(Washburn 1960). ‘Therefore, further investigation of the effects of small 
vacancy clusters on mechanical properties should be important not only to a 
better understanding of quench hardening and radiation hardening but 
perhaps also to the theory of strain hardening. 

The disappearance of single excess vacancies and divacancies can be 
followed during ageing of a quenched crystal by electrical resistivity 
measurements. If it is assumed that they disappear at clusters or voids, 
then some information concerning the growth of clusters is obtained. 

The growth of the clusters themselves in the size range 104 to 1004 
can be followed by small angle x-ray scattering, provided that double 
Bragg scattering can be avoided. X-ray small angle scattering measure- 
ments on quenched copper crystals aged at 80°c have revealed the forma- 
tion of clusters having oblate spheroidal shapes (Chik ef al. 1962). 

In the present experiments the relation between hardening and cluster 
size was studied by comparing small angle x-ray scattering measurements 
with stress-strain curves after different amounts of ageing at 20°c of 
quenched copper crystals. A series of test temperatures and two different 
initial orientations of the single crystal specimens were employed. 


$2. EXPERIMENTAL PROCEDURE 
Pure (9999995) copper obtained from American Smelting and Refining 
1 " € 7 H t? i 
Company was used for all the experiments. The copper employed for us 
resistivity and mechanical measurements wa, 


diameter by Sigmund Cohn Co., Mount Ve Nee ce 

For small angle Scattering measurements single cr 
1x1x0-02cm were grown by recrystallization. After 
copper bar to about 95% reduction in thickness, it was 
evacuated mullite tube (pressure <10 


followed by four days at 1030°c. 
Wire crystals for mechanical testing and electri istivi 
J : ee & ectrical resistivit ^ 
ments having either a [111] axis or an axis near [123] were SE. 
melt, ten at a time in a graphite mould. The Wires were surrour ded B 
fine graphite powder that was clamped between two graphite Subs dto s 
D 0. 


ystal sheets 
cold rolling a 
1 heated in an 
~ mm Hg) for 30 min at 600°0 
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TEE 


which was grooved. The ends of the wires were clamped in contact with a 
seed crystal having the desired orientation. Specimen diameter was 
0:015 em. 
2.1. Small Angle Scattering Measurements 

After chemical polishing, crystals were selected that did not give Bragg 
reflections when placed relative to the beam in the same orientation to be 
used for small angle scattering measurements. These selected crystals 
were heated by induction to 1070?c in a helium atmosphere at a distance of 
only one centimetre above a quenching bath. They were quenched into an 
aqueous solution of calcium chloride at —20°c. The length of travel 
within the bath was made long so that liquid flow past the crystal helped 
to remove gas bubbles. The cooling rate was in excess of 104 °c/sec. 
After quenching, the specimens were immediately cooled to — 196 °c. 


LL LU, EU Um secum SCENDE IO SS 


Fig. 1 


vs a- Target of fine focus x-ray tube 
b-Source slit 
c-Limiting slit 
d-Bent quartz monochromater 
e-Sample position 
f-Counter slit .002cm 


Geometry used for small angle scattering measurements. 


The scattered intensity in the range $ to 3° from the primary beam was 
measured with the geometry shown in fig. 1. During the measurement 
the specimen temperature was maintained at —196°c. A helium path 
was provided for the x-ray beam resulting in measured intensities of 
109—10* c.p.s. 

Changes in scattering due to clustering were followed by allowing the 
erystal to warm to room temperature for short intervals of time followed 
by recooling to — 196°c for the next scattering measurement. 


2.2. Electrical Resistivity 
For resistivity measurements, copper potential leads 0-002em in 


diameter were attached to the wire crystals by sintering in a vacuum at 
900?c. 


HEN Á—— 
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Wire specimens were heated for quenching by passing a current through 
the wire while it was enclosed in an evacuated chamber. The walls of the 
chamber were maintained at — 196 °c. Quenching was accomplished by 
cutting off the heating current and simultaneously introducing helium gas 
into the chamber. Electrical contacts and mechanical support for the wire 
was provided by allowing its ends to pass through holes somewhat larger 
than the diameter of the wire. The space around the wire was tightly 
packed with powdered graphite. This provided electrical contact and at 
the same time allowed lengthwise expansion and contraction without 
development of high enough stresses to cause serious plastic deformation. 

Resistivities were measured at — 196°c while the specimen was immersed 
in a stirred liquid nitrogen bath. A current of 100ma+0-001mA was 
passed through the specimen and the potential measured using a Rubicon 
thermofree potentiometer. 

Changes in resistivity during ageing were followed by allowing the 
specimen to warm to room temperature for an interval of time before 
recooling to — 196 °c for the next resistivity measurement. 


2.3. Stress-Strain Curves 

The same quenching procedure as that described for electrical resistivity 
measurements was employed for all the mechanical tests. Prior to 
quenching, each crystal was cut into two parts. One half was then tested 
in the annealed condition and the other was tested after the desired 
quenching and ageing treatment. 

During the test the specimen was surrounded by helium gas. Its 
temperature was determined by the temperature of the grips and walls of a 
surrounding chamber which was immersed in liquid nitrogen or some other 
low temperature bath. l 

It was not possible to measure mechanical properties in the as-quenched 
condition because several minutes at room temperature were required for 
mounting of the specimen in the grips, closing the chamber and cooling t 
the test temperature. EO 

ry. D 
The strain rate used for all tests w. -4 
Lhe s s was l 5 i 
US CONES. iu: was 10 [sec. Some play was provided 
at the lower grip to avoid prestraining the specimen during cooli 
test temperature. The load extension curve wasr "ded vene d DUE 
eu s recorded on a speedomax 


$3. RESULTS 


Disappearance of the excess resistivity introduced by 
growth of x-ray scattering centres, and increase in vi ld : 
complete within the first 100 min of age Hour 
in fig. 2. E 


quenching, 


: were almost 
ing at room temperature, as shown 
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Values of R, plotted in fig. 2 are the radius of gyration of the scattering 
centres obtained by measuring the slope of a plot of In J versus eè: 


gs p 
InI= ILLA + const., 
where J is the scattered intensity at a small angle e from the direction of the 
ineident x-ray beam. These plots were straight lines which indicated a 


sharp distribution of sizes for the scattering centres (Guinier and Fournet 
1955). It was concluded that double Bragg scattering did not contribute 


Fig. 2 


Increase in yield stress (single slip) 


o 
* Increase in yield stress (multiple slip) 
L A Resistivity change 

c d = Radius of x-ray scattering centres 
E€ 
x 
Sos 
T-O 
+O N 
a =e 
i > 
Q oF 
ae <1 
4" e 
o 


o 200 400 600 
Ageing time (min) 


Changes in yield stress, excess resistivity, and radius of x-ray scattering centres 
in copper during ageing at 25°c after a rapid quench from 1070°c. 


significantly to the results for the following reasons: 1. The scattered 

intensity within the angular range measured was essentially zero immedi- 

ately after quenching. Mechanical damage to the crystal that might 

increase the dislocation density and therefore cause some Bragg reflections 

to appear would be expected to occur during quenching. 2. The scattered 

intensity at a given value of e for a fully aged specimen increased with 

increasing temperature of the specimen, whereas the intensity of double 

Bragg scattering should decrease with increasing temperature. 3. The 
experimentally observed intensities varied with e in almost exactly the way 
predicted theoretically for scattering from spherical centres (Rayleigh 
1919). 4. Ageing at room temperature even for a period of two years did 
not produce prismatic dislocation loops large enough to be detected by 
transmission electron microscopy. 
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a function of ageing 
e slip (dark circles) 


1460 
In fig. 2 the difference in yield stress between the 


quenched and aged part of each crystal is plotted as 


time. Both single slip (open circles) and multipl 
orientations are included. The yield stress rises rapidly during the first 


100min of ageing, then decreases slowly for longer ageing times. The 
decrease in quench hardening for long ageing times at 2 5° owas particularly 
noticeable for the multiple glide orientation. 

Quenching and ageing not only increased the yield stress, but also affected 
the flow stress even after large plastic strains. Whereas the change in yield 
stress for a given ageing time was similar for single slip and multiple slip 
orientations, the effect on strain hardening rate was not. Changes in 
shape of the stress-strain curve due to quenching and ageing are illustrated 
in figs. 3and4. For the single slip orientation the initial rate of hardening 


Fig. 3 
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Strain 


SE re showing effect of vacancy clusters for a single slip ori 
i D s ie a tensile axis. Dashed curves are for a length of d inue 
gle crystal tested without quenching. Test temper: ture 78° a 
as indicated. i CORE 


following the yield was always higher for the 

erystal. However, for the Q1) We Hee uer oe 

unchanged for ageing time less than about 300 min but f io s i 

bo less for the quenched and aged part of the > ee times 

Di Ee aoe above about 10% the quenched specimens a see eu 
ed at lower stresses than the originally anneal Oe eee 

Beall g nealed part of the same 
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The temperature dependence of the yield stress was measured down to 
4-2?k for two ageing times—l10 min and 600min. The hardening was 
found to be relatively insensitive to temperature of testing even for the 
shortest ageing time. 


Fig. 4 


Strain 


Stress-strain eurves showing effect of vacancy clusters for a multiple slip 
orientation (tensile axis [111]. Dashed curves are for a length of the 


same single crystal tested without the quenching and ageing treatment. 
All tests at 78°K. 


$4. Discussion 

Uniformly distributed excess vacancies, divacancies, and perhaps 
slightly larger clusters that exist immediately after quenching cause no 
hardening in f.c.c. metals. This has been shown by these experiments and 
by previous investigations for copper (Kimura et al. 1959) and gold (Meshii 
and Kauffman 1959). When specimen dimensions are small enough to 
make quenching strain negligible, then the yield stress of annealed and 
as-quenched crystals is the same except perhaps very closeto0°K. This 
result is not unexpected because escape of dislocations from defects having 
atomic dimensions is associated with a small activation energy. 

More surprising is the observation that the entire stress-strain curve 
appears to be unaffected by the presence initially of a high supersaturation 
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of vacancies. For both multiple glide and single slip orientations of E 
crystal wires there was no change in the rate of strain hardening ate to re 
presence of vacancies. ‘This was true In spite of the fact that t T e - 
saturation was probably reduced during deformation by the absorptio 
of vacancies at moving dislocation lines (Wintenberger 1960). 

Lack of any change in the yield stress suggests that the dislocation i 
plication process that begins to operate at the yield was unaffected by the 
climb of moving dislocations accompanying absorption of individual 
vacancies. "The fact that the hardening rate was also unchanged implies 
that this climb of the moving dislocations also did not affect the amount of 
damage left behind in the slip plane when a dislocation moved across it. 

When quenched crystals were aged so as to allow some growth of larger 
vacancy clusters, both an increase in the yield stress and changes in the 
hardening rate were observed. However, a quantitative theory of the 
changes is made difficult by the complexity of the sub-structures that 
exist in quenched and aged crystals. 

Near other sinks, such as external surfaces, dislocations, and sub-grain 
boundaries, all of which are present during quenching, there are volumes of 
crystal that do not contain vacancy clusters. The excess vacancies that 
were present within a critical distance from dislocation lines or interfaces 
can reach these sinks during ageing. The percentage of the total volume 
occupied by loop-free or cluster-free regions can be greatly increased if 
multiplication of dislocations is caused by quenching stresses. This per- 
centage is also increased by an increase in the ageing temperature. Sur- 
rounding defect-free volumes there are regions within which the critical 
supersaturation for nucleation of clusters has just been exceeded. The 
largest vacancy clusters or dislocation loops are formed here. At still 
greater distances from sinks the density of clusters reaches its maximum 
and cluster size its minimum. Typical colonies of loops in a quenched and 
aged aluminium crystal are shown in fig. 5 (Vingotte 1962). 

Another major difficulty in the way of a quantitative description of the 
effects of clustered vacancies on the stress-strain curve is a lack of a com- 
plete theory of yielding and strain hardening even for a crystal that is 
por z es et State. It is not yet possible to predict for any 

iven defec -str T 2 : : BE 
= d io ut denen s Rr s E lcm 
Strain. 2 ange with increasing stress and 


: ; i CDM 
Theories of quench hardening and irradiation hardening have been 


applied only to the yield. The flow stress at the smallest easily measured 
plastic strain is usually the stress necessary to form the first slip bands 
Dislocations must move over long enough distances for multiplication 
Processes to become operative. At first, the regions where plastic strain is 
taking place are relatively isolated. Therefore, the flow stress can be 
me rather directly to the stress necessary to move a dislocation over 
oo cu through the initial sub-structure. By assuming that dis- 

ust eut through a uniformly distributed field of. vacancy clusters 
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Typical distribution of vacancy loops in quenched and aged aluminium 
(Vingotte 1962). 
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or prismatic loops, Seeger (1948) and Friedel (1963) have developed theories 
that are consistent with the observed magnitude of the hardening. 
Friedel’s theory for uniformly distributed small dislocation loops gives 
the hardening as: 
Gbd N28 


Ar 2 ——, 


o 


where G is the elastic shear modulus, b is the Burgers vector, d is the 
diameter of the loops and N is the number of loops per unit volume. When 
d is larger than a few interatomic distances, the energy necessary to pull 
the dislocation away from a loop is large. The observed yield strength was 
found to be insensitive to testing temperature over the range 4:2°K to 
300°K even for specimens with the shortest ageing time. 

If N is assumed to be constant as the clusters grow in size, then the 
hardening increases directly with d. The small angle scattering and yield 
strength changes during the first hour of room temperature ageing were, 
within the experimental uncertainty, consistent with this prediction 
(fig. 2). 

Changes in hardening rate following the yield cannot be related so 
directly to a simple model. As shown by these experiments, the initial 
hardening rate can be greater, unchanged or less when compared to 
a crystal that does not contain vacancy clusters. Many other factors in 
addition to initial orientation of the tensile axis are probably also important 
(for example, the cross section of the tensile specimen). 

We would like to suggest that destruction of the clusters or loops by 
moving dislocations (Vandervoort and Washburn 1960, Greenfield and 
Wilsdorf 1961, Greenfield 1962, Saada and Washburn 1962) is the basic 
cause for changes in hardening rate. This instability of the initial sub- 
structure leads to continued growth of the first few slip bands that form, 
rather than continuous nucleation of new bands during increasing strain. 
Less uniform distribution of shear strain is generally observed in both 


irradiated and quenched materials (Seeger 1958, Cottrell 1958, Tanner and 
Maddin 1959, Greenfield and Wilsdorf 1961, Eyre 1962) 


: . In thin wire 
single cryst 


als, such as those used in these experiments, the growth of fewer 
slip bands might be expected to decrease the initial hardening rate for the 
multiple glide orientation because there would be fewer neocon 
between slip bands on the three active slip planes. For the easy glide 
orientation, however, growth of a few isolated slip bands might be 
associated with a greater hardening rate because of the local lattice rotation 
and associated bending moments that are produced. Secondary slip 
systems may operate locally during the growth of these wide bands ades 
from the start of plastic extension. This explanation, although obviousl 
too simple, is consistent with the observation that the difference xt 
the initial hardening rates for multiple slip and single slip orientati 
was much less for quenched and aged specimens than it was for ed 
sections of the same crystals. Boo 
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§ 5. CONCLUSIONS 

1. Excess vacancies in the form of single vacancies, divacancies and, 
perhaps, slightly larger clusters cause no increase in yield stress over that 
of an annealed copper crystal. 

2. Unclustered excess vacancies cause no change in the shape of the 
stress-strain curve for either single slip or multiple slip orientations of the 
tensile axis. 

3. The critical resolved shear stress for yielding increases rapidly during 
the first 100 min of ageing at 25°c. This increase in yield is independent of 
the orientation of tensile axis. 

4. To a first approximation the increase in yield stress is directly pro- 
portional to the size of the clusters as measured by x-ray small angle 
scattering during the first 100 min of ageing. 

5. The first effect of ageing is to raise the stress level of the entire stress- 
strain curve without changing itsshape. Longerageing times produce both 
a change in yield stress and a change in strain hardening rate following the 
yield. 

6. Long ageing times cause an increase in initial hardening rate for easy 
glide oriented specimens. Often the easy glide stage is completely absent. 
The same treatment results in a decrease in hardening rate for the (111) 
multiple slip orientation. 

7. No clusters large enough to be resolved as dislocation loops or tetra- 
hedra are formed in copper during ageing at 25°c even for an ageing time of 
10° min. 
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ABSTRACT 


It is shown that in the b.c.c. lattice the crystallography and the commonly 
observed low stacking-fault energy on {112} lead to the prediction that 
4<111> screw dislocations will each dissociate into threo }<111> partials 
situated on {112} planes which intersect along the axis of the original screw 
dislocation. Calculation shows that an equilibrium configuration of the three 
partial serew dislocations possessing threefold symmetry is not stable. The 
stable equilibrium configuration resulting from the dissociation of the 4<111> 
screw dislocation under zero stress possesses twofold symmetry, with one 
partial to the intersection of {112} planes, and the two others at equal dis- 
tances from it on different {112} planes. Under critical stress conditions the 
configuration can be transformed to a second configuration, which is stable 
under zero stress. Here again one of the partials is at the intersection of 
{112} planes, but now the others are at different distances from it, situated 
on parallel, neighbouring {112} planes. 

Jf the stress is raised to about twice the value at which the transformation. 
between stable configurations occurred, the second stable configuration 
develops into a three-layer twin, with the three 4<111> partials at its tip. 
When the growing twin meets a crossing 4<111> screw dislocation a pole 
mechanism for growth may result, which causes & multi-layer twin lamella to 
be created. It is further shown that there are two types of 4<111> slip 
dislocations moving on {112} planes: one type which may easily cross-slip 
from ono {112} plane to another, and another which can only move on a 
different {112} plane as a three-layer twin, at the critical twinning stress. 
Emissary dislocations produced by thick twin lamellae belong to the former 
category. 


$1. INTRODUCTION 


Tr is not difficult to adapt the Frank-Read (1950) dislocation pole mech- 
anism to the growth of deformation twins. Any growing stacking fault, 
limited by a moving partial dislocation which encounters a screw dis- 
location, may extend to successive atomic planes if the screw dislocation 
interconnects these, and create a deformation twin in this way. The real 
difficulty is in the initial condition: how is a growing stacking fault 
nucleated ? 

Cottrell and Bilby (1951) proposed in their well-known model for nuclea- 
tion and growth of {112}{111 ).deformation twins in the b.c.c. lattice that 
the first step is the dissociation of a sessile 3 (111) dislocation on a {112} 
plane, under influence of the applied stress, which produces a ee 
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1(112) and a glissile 4 (111) component. The latter is thought to cross- 
slip, after which it may wrap itself around the sessile 3 (112) screw disloca- 
tion in the manner prescribed by the pole mechanism. A ; 
Although it is certainly possible, in principle, to nucleate a twin in this 
way, the question arises whether it is not possible to give a model in which 
the initial dislocation configuration required, viz. a sessile $(111) dis- 
location on a {112} plane, is replaced by a more commonly occurring 
configuration. In partieular, it can be asked if an ordinary glissile 
1 (111 screw dislocation may not bea potential nucleus. The argumentis as 
follows: a 4 (111) screw dislocation will almost certainly tend to dissociate 
into three partials, as three (112) planes of low stacking-fault energy 
pass through (111)j. It is at least in principle, entirely conceivable that 
under influence of an applied stress one of the stacking faults thus created 
should start to grow. However, it is difficult to assess even intuitively 
what further happens to the other two dislocations In order to enable a 
more rigorous investigation, it was necessary to introduce a set of concepts 
and simplifying assumptions, which will be discussed in the next section. 


$2. TWINNING DISLOCATIONS IN THE B.C.C. LATTICE 

When the relative positions of two successive {112} atomic planes in the 
b.c.c. lattice are considered, it is evident that the mirror image of the 
original stacking arrangement can be obtained most simply by a one-way 
slip over $(111) between the planes. The type of stacking fault thus 
introduced possesses, according to all available experimental evidence, a 
lower energy than any other deviation from the stacking arrangement 
between these planes. In particular, slip in the opposite direction over the 
same distance would create a large disturbance in the lattice, and it will be 
assumed with Barrett (1949) that this type of ‘anomalous’ faulting would 
require too much energy to occur in practice. Slip over twice the distance 
ee opposite direction, however, would produce the original stacking 

Therefore, a glissile 34111) ed 


ir 1 ; ge dislocation on a (112) plane can only 
dissociate asymmetrieally : 


$011) 011) 4011). Mec 0 


The $(111) complementary twinnin 
Frank and Nicholas (1953), is connecte 
or primary, 4 (111) twinning 


g partial, originally proposed by 
d by a stacking fault to the ordinary, 
partial in the resulting configuration. The 


f Since this paper was submitted for ication i 

i i as s publication it has come to the: P 
notice that the symmetrical threefold mode of dissociation es aay 
location was suggested by Hirsch on the occasion of the S “Te 


defects and the mechanical properties of solids ^ in C i : 

The stability of the a was a M ie iUe: 
configurations were considered (see also Mitchell. F oxall and Hir T Sul uer 

ture and Mechanical Properties of Refractory Metals Technical D mue à 
Report No. WADD TR-61—181, Part III, Manlabs (Cambridge Mass,, 1963), 
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Fig. 1 
a NAAM 
b W AAN, 


c ST as 


d THAT 


A stacking fault on a {112} plane can be bounded in four different ways by 
primary ł<lll> and complementary 4<111> partials, as follows: 
(a) +4[111] and +4[111]; (6) 4-1[111] amd —4[111]; (c) —3[111] and 
and +4[{111]; (d) —3[111] and — Z[111]. 


Fig. 2 


Projection of atoms on {111} free surface on which three {112} stacking faults 
emerge, joined along the «111» zone axis, and a slip line - + - - ——slip 
line, - - ——stacking fault. The numbers 1 to 6 give the heights of the 
atoms, 1 being uppermost, and 6 lowest. 


P.M. SF 
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ay di i are 
same stacking fault may also be bounded by two dislocations that s 


similar, but of opposite sign, as illustrated in fig. 1. E. 
A stacking fault which is created by a moving partial possesses ace pA 
energy per unit area; hence it will exert a back force F per unit lengt h on 
the dislocation. In the following it will be assumed that the back force 1s a 
constant, except near the joint between two stacking-fault planes, where it 
is supposed to decrease to zero over a distance of the order of the cue 
parameter. The variable back force P" in this region must obey the 
inequality : 
aree ec rcr cr a (0) 


This inequality, the introduction of which in itself is entirely plausible, 
explains why under circumstances discussed in the next section, disloca- 
tions, of which the width is not taken into account in the present treatment, 
can oceupy equilibrium positions near a joint between stacking faults. 
Tt will also be assumed in the following that no back force is exerted on a 
partial which is gliding on a {112} plane adjacent to an already existing 
stacking fault, although the dislocation is creating a new stacking fault 
as it moves. The basis of this assumption is that here a stacking fault is 
regarded as a one-layer twin with two non-interacting coherent boundaries : 
the coherent twin boundary energy is half the stacking-fault energy. When 
the twin grows in thickness, no change in boundary energy will result, 
hence no back force will be exerted on the dislocation gliding on the plane 
adjacent to a pre-existing stacking fault. This basic assumption is 
commonly employed in the literature; it is, of course, only an approxi- 
mation, but would seem to be justified at present, in view of the paucity of 
reliable experimental data. 
As mentioned in the introduction, it is geometrically possible for a 
(111) screw dislocation to dissociate into three partials on {112} planes: 
$31 $03) + 4) eC) (8) 
An equilibrium position of each of the three partials is reached when the 
repulsive forces exerted by the other two dislocations are b 
back force F, and it is evident that one possible e 
is when the three dislocations are each at the s 
In fig. 2 the configuration of the atoms ne 
stacking faults is depicted schematically. 
Previous work (Sleeswyk and Helle 1961) has shown that twins and 
stacking ae a different {1 12} planes belonging to the same (111) zone 
sitio of 00% ‘Thine LP ML mt nals 
ee Os CHER pre ed in terms of movement of Screw 
partial dislocations, viz. that a partial can cross-slip from one {112} 
toanother. Ifthe dislocation leaves behind on both pla DU E pone 
the enclosed angle must be 60°; if, on the other Dee pu fowl 
annihilates a stacking fault on either of the two planes 2 E UE 
the other, the angle must be 120?, This finding will Ue Biss CE one on 
following section, where it will be shown that a partial di ER oyed in the 
slocation produced 


alanced by the 
quilibrium configuration 
ame distance from the origin 
ar the joint of the three resulting 
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by the dissociation according to eqn. (3) may glide back towards the origin 
and cross-slip onto a plane adjacent to the stacking fault left behind by one 
of the other partials. 

However, before discussing further the consequences of the dissociation 
given by eqn. (3) it must be remarked that it is not certain whether this is 
the most likely one of the possible modes of dissociation of a (111) screw 
dislocation. It can be asked whether the dissociation occurs on {112} 
planes only. Crussard (1961) and Cohen et al. (1962) have shown that it is 
geometrically plausible for a $ (111) dislocation on a {110} plane to dis- 
sociate as follows: 

4(111)>4(011)+3(211)+ 4011). . 2 . . (4) 
A (111) zone contains three {110} planes, and hence a $(11L) screw 
dislocation may produce a partial on each of these planes, and a dis- 
sociation analogous to that on {112} planes can occur. However, the total 
elastic energy of the dislocations produced by a dissociation according to 
eqn. (4) is equal to 7/4 of the energy of the three partials on (112) planes 
resulting from a dissociation given by eqn. (3). Nothing is known at 
present about the energies of the stacking faults on {110} planes, but if the 
reasonable assumption is made that they are at least about equal to that on 
{112} planes, it follows that 4/111) screw dislocations will dissociate 
preferentially on {112} planes according to eqn. (3). In the following it 
will be assumed that the latter mode of dissociation takes place exclusively. 

When the set of dislocations produced by the dissociation according to 
eqn. (3) is in equilibrium in a stress field, for each dislocation the force 
components in the slip plane of the applied stress c, those exerted b y the 
other dislocations and the back force F must cancel each other. The force 
component in the slip plane perpendicular to a screw dislocation with 
Burgers vector b is equal to br, in which 7 is the shear component of c in 
the slip plane and in the slip direction. If it is assumed that the applied 
stress c is uni-axial, 7 is given by : 

T= COS $ COS À, cru 5a) 
in which 4 is the angle between the stress axis and the normal to the slip 
plane and À the angle between the stress axis and the slip direction. Fora 
given slip direction the shear stress reaches a maximum value, 7,, when 
$—90—2; 7, is given by: 


7,7 5 sin 22. Xe... (5b) 
E 


If the angle between the plane on which this maximum shear stress occurs, 


and any other plane through the slip direction is called x, it follows from 
geometry that: cosé=sinAcosa, hence: 


o . 
T= 5 cOSasin 21 — 7, cosa. ee OA 
As the general state of stress can be represented by 


gen a superimposition of 
three uni-axial stresses perpendicular to each other 


: Ul expression such ag 


5F2 
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(5c) remains valid for the shear stress on a plane through a given slip 
direction. Accordingly, in the following treatment of the movement of 
screw dislocations the stress will be defined by a maximum shear stress on a 
given plane through the slip direction. In order to facilitate the calcula- 
tions, dislocations gliding on adjacent crystallographic planes will be treated 
as if located on the same plane; only if the dislocations approach one 
another within a distance of about five times the spacing between glide 
planes will this approximation cause an error in the interaction forces 
exceeding a few per cent. 


$3. EQUILIBRIUM CONFIGURATIONS 
3.1. Configuration 1 
The various equilibrium configurations of the extended $(111) screw 
dislocation under zero stress will derive from one another; they will be 
numbered in the same order. As shown in fig. 3 the 4111) partials are 
designated as A, B and C. The distance from the origin of each of the 
dislocations will be indicated by 7, 7; and ro, respectively, and the equili- 
brium equations for zero total force, which will be used repeatedly, are 
preceded by (A), (B) and (C), indicating for which dislocation the equation is 


valid. 
j Fig. 3 
B 
q 
\ 
N 
N 
À A 
ILU 3 Uu 
/ 
/ 
/ 
/ 
d 
c 


Configuration in between eq 
on the A pl 
centre. 


RC bara configurations 1 and 2. A shear stress 
ane is needed to prevent glide of dislocation towards the 


Equilibrium configuration 1 is defined by am 
y TASI 


: i p =r. T ; 
forces on,each dislocation gives for ts he balance of 


the equilibrium condition : 


onm ce ae eee ae (6) 
in which G is the shear modulus and b the B 
. » . . e k burger "ti 
This configuration is of little interest, except Bers vector of the partial. 


as a Starting point for 
present treatment. Ifnow the situation is considered when a ae m Ux 
onthe A is i r FRE TESS T. 

he A plane is applied, a new configuration results, which is illustrated in 
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fio. 3. Because of the twofold symmetry it is assumed that "n m 

T'urihemere the situation where r4 «?p 18 considered, and the sign o 
i zer 1 e positive if the stress would tend to force the screw dislocation 

ver. ds ui The equilibrium requirement for each of the disloca- 


tions yields two equations which must be fulfilled simultaneously : 


Gb? 2ra y )=0 ] 
(A): IO E [eoe (7) 
_ Gb atte = cm | 
B XEM T A a 
l Fig. 4 
l LO 
108 
* 
06 = 
0.4 
0.2 
o (e) 
-o1F 
-o2r 
b.t 
F -osr 
- tt — 
ENT 0.2 04 06 0.8 LO 
2.Tt.F r 
3 "A 


G.b 
Relation between shear stress 7, and position of dislocation A, both represented 
by dimensionless quantities. In addition TrAÍrg is given. 


From these equations we obtain : 


Bai = (beat X 8) 
Po ren) 


| from which it follows that if 7,750, its sign is always negative. In other 
| words, the stress does not impose on configuration 1 the 
| illustrated in fig. 3, butitis, on the contrary, necessary 

l of the configuration. to collapse into one with ra=0.. Figure 4 gives the 
j variation of br,/F and r, [rg with nF [Gb*.r.. Configuration 1 apparently 
| 1s not stable, as the magnitude of the stress needed for equilibrium when 


asymmetry 
to prevent a tendency 
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7, «rp increases monotonously with decreasing Ty. The values of pe 
and 2z7[Gb? .r, in fig. 4 were determined as functions of the ratio DIN Li 
the former follow immediately from eqn. (8), the latter were derived from 
eqns. (7) and (8) as: 
22 e ralin (ralrg +2} : uc P CUERO) 
Gb? ^  3((rilrg) rry 4- 1j 
The ratios? , [rg and ro/rg will be used to indicate the relative magnitudes of 
these distances, as ry is the only distance which is never equal to zero in this 
treatment. 


3.2. Configuration 2 
The configuration shown in fig. 3 is reduced to one with r, —0 when the 
stress ,iszero. ‘The resulting configuration 2isstable. As there are three 
possible equilibrium configurations 2, we shall indicate, where necessary, 
each of these configurations as A 2, B 2 or C 2, where the letter indicates 
on what plane the distance of the partial from the origin is equal to zero. 
Dislocation A can occupy an equilibrium position on the A plane in the 
immediate vicinity of the origin, where the back force exerted on it is 
variable. It is assumed that the magnitude ofr, can be neglected relative 
tor, andre. Equilibrium of dislocation A gives then for the back force : 
T 
joe Lom coc ec 
27E Ty 

which is indeed compatible with eqn. (2). A further requirement for the 
equilibrium of configuration A 2 is that dislocation A does not glide away 
from the origin on the B or C plane under zero stress. If an imaginary 
force P is thought to act on dislocation A in the B plane, balancing the 
forces exerted by dislocations B and C on A in the B plane, the position of A 
at the origin under zero stress will be stable if P is finite and positive, and 

unstable if P is negative. P turns out to be: 


Gb?/ 1 l 
Be ze anr, Qs ccs ID 


which shows that the position of A is indeed stable. 

If we now consider under what condition of Stress dislocation 
slip on the B (or C) plane, the question is really : 
external stress does the stability of configuration 
follows from the discussion in the previous section, it is sufficient to con- 
sider the configuration in a state of stress defined by a plane of maximum 
shear stress through the slip direction. As illustrated in fig. 5, here the 
angle x is taken to be that between the A plane and the ean dion stres 
plane. , Because of the twofold Symmetry of the configuration under pes 
stress, it suffices to consider positive values of 7 as a function of « in th 
range 0 <a < 180°, and to limit discussion to glide on the B plane T i 
of critical conditions will be considered : one for which dislocation foe on 
back on the A plane, and one for which the dislocation continues to glide 


A will cross- 
under what condition of 
A 2 become critical? As 
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on the B plane. The first set is given by three equations representing 
: i i 4 "^| . 
equilibrium conditions for each of the dislocations. They are: 


CDU EN 1 
(A): — F —br,cosa+ = Az) 
Gb?/ 1 Tg t ire 3 
BS e+ 120° = Ps = zs 12 
(B): F — b, cos («+ 120°) + 7 ( PICS IRE ;r (2) 
Gb?/ 1 irgd re 
Whit RORY ie r 24 o + 2°B G =0. 
(C): F — br, cos (w+ 240°) + = (z rye d-rgro rol 


The solution is : 
A 


3 bz? 9 b 2 
36 C) costa + ( Sr (20 cos? æ — 1) + 28 Cg) cosa+4=0. (13) 


Definition of the angle « for the shear stress needed to transform configuration 2 
via configuration 3 to 4. 


The values of br,/F thus derived are negative for 0<a<90° and positive 
for 90<a<180°. In the br,/F versus o graph of fig. 8 the positive branch 
of the curve is indicated as A 2-C 2, because if dislocation A glides back, the 
equilibrium configuration C2 results. 

The equilibrium conditions for the critical stress at which dislocation A 
starts to glide on the B plane are very similar to those represented by 
eqn. (12): in fact, only the first equation, giving the equilibrium condition 
for dislocation A is different. This equation is now: 


9 
(A): — bz, . cos (w+ 120?) + A -Eo o cs eb 
PIA dee (hn 
Unfortunately it did not appear feasible to give the solution to this set of 
Simultaneous equations in a closed algebraic form. However, a graphical 
method could be employed, the results of which are presented as ies 
A2-B in fig. 8. The curve exhibits the typical characteristics of a thi d 
degree function only in a small region of « values between 160* and 170° f : 
values of br,/F well outside the diagram. Except for this oem We 
č o 
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values, br,// as a function of «is single-valued. Asmay be observed in the 
diagram, for 0 «o « 137? 41' the dislocation will continue to:glide on the 
B plane, and for 137? 41' < œ < 180° it will be forced back on the A plane if the 
critical stress isreached. Because of the symmetry of the configuration for 
«= 180? and o —0?, the range of « values for glide on the A plane is actually 
137° 4l «a < 222? 19, whereas for 222? 19' « a < 360? glide on the C plane 
can occur. 

An essential condition for the instability of the configuration under the 
critical stress in the above is that the stress needed to move dislocation A 
away from the origin does not increase. For the movement of dislocation 
A on the A plane it follows from fig. 4 that once the critical stress has reached 
the value — }(br,/F) the magnitude of the stress needed to move the 
dislocation further decreases steadily. For the movement of dislocation A 
on the B plane a diagram similar to fig. 4 was obtained for «= 60? from the 
graphically determined solution of the three equilibrium equations : 


!52 " 1) 
(A): pre ( Ra : )=0, 
us iet 


rro ré 


5 Gbi/  rgctiro 
(B): - F+br,4+ = (LES. — )=0, (13) 
Tg tTp'gtTG  —Tg—TA 


(Gj E — br, + a Mucho ss A N 5 
TA TATo TC) Ty E ryr o ro? 


Fig. 6 
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Variation of 7, for a—60* with the position of disloc 
starting from configuration 2 (ef. fig 
configuration 3 and the stable one 4 a 
ro/rg when dislocation C glides on the 
when dislocation C glides on the B plan 
for creating a three-layer twin. 
dominates. 
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The results, b7,/F, rolg and rafrg as functions of 27F/Gb?.7,, are pre- 
sented in the left-hand half of the diagram in fig. 6. Equations (15) cease 
to be valid beyond the point where rc/rg has reached zero value. It may be 
observed that the stress decreases steadily as dislocation A moves away 
from the origin. By definition, an equilibrium position is reached for 
bz,/I — 0, which will be discussed below. 

Attention is drawn to the fact that the present results only pertain to 
v=60°. Extending them to a range of « values would be a very onerous 
task and is not expected to give greatly different results. 

3.3. Configuration. 3 

The equilibrium configuration which is found by solving eqn. (15) for 
7,—0 is numbered 3. The values of the distances of the dislocations from 
the origin are: 


szg CP? 
PA= e 
h2 

rg = 2-149 m (16) 
ab? 
r(;— 0-860 zF 


Tt is evident that the equilibrium is not a stable one; the configuration is 
not produced spontaneously, but only under influence of an applied stress, 
and any deviation from the above conditions causes it to change to some 
other configuration. The configuration is analogous to that when only two 
partials are present, one on the B plane and one on the C plane. Then it 
can be shown easily that a similar unstable equilibrium exists for 

Ty ro 0°5(Gb?/27F). 

When br,/F is negative, shortly before ror; — 0, 7, decreases somewhat 
with falling stress, which gives an odd shape to the various curves. It may 
be observed, however, that only r, exhibits this phenomenon, to which no 
special significance should, therefore, be attached. When rgj—0, the 
values of the other distances are ra= 0-855 (Gb?|2mF), ry — 2:049, and 
br,// = —0-333. Thesharp euspsin the curves at this value of (27 F [Gb?)r 4 
in fig. 6 are due to the fact that beyond it the condition rg — 0 remains valid. 


3.4. Configuration 4 
The equilibrium condition for dislocation C, as given by the third of 


eqn. (15) is no longer valid when ro—0; the back force is not a constant. 
The two remaining equilibrium equations reduce to : 


Or bz, + x - s) =0, | 
AT XTX TBST 
: EET) 
(B): -Ftoni SET l )=0. | 
2m Na  Tg—TX 


These two simultaneous equations ca redu : 
Thes n : à . 
q an be reduced to a single quadratic 
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equation, of which only one solution gives real values for (2br,— F). 
The final solution can be given as: 


nk eter ; br, : . bz, RT bz, ; 1/271-1 18 
mas ji 3.75 -{a(7 3. ar + ; (18) 


which, in the diagram given in fig. 6, is graphically represented in the region 
where rc/rg20. When 7,=0, equilibrium configuration 4, which is 
illustrated in fig. 7, is reached for (27F'/G@b?)r, = 1-500 and 74/7, — 0:500. 
From the diagram in fig. 6 it can be deduced by considering the variation of 
the external force with distance that the configuration can be stable. If 
eqn. (15) for dislocation C is used in conjunction with the variable back 
force F’, and if the above ratio of r 4 frp for the equilibrium configuration is 
taken, it follows that: 


Gb?/ 1 1 z 
U= se eE S t a o o 
2r (= is =) RUN (19) 
whieh is in aecord with eqn. (2). 
Fig. 7 
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Equilibrium configuration 4 on B plane 


Again, use of an imaginary force P on di 
on the B plane, starting from configuration 
Gb?/ ] 
posee elm 
T lata) +h pec esee (20) 
rom which it ean be concluded that cr i 
l : OSS-$ i i i 
tion 4 will not take place under zero str Well ie 
completes the proof that configuration 


slocation C to incite it to move 
4, gives: 


ess, as P is finite and positive ; this 
41s stable. 
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Under influence of a sufficiently high applied stress dislocation C may 
glide on the B plane. The equilibrium conditions for incipient glide are: 


Gb? / 1 l 
AA e € = 2309 =0, 
(A): bz, cos(« + 120°) + 3 (= x) | 
vou HDi trc E : 
(B): - P - br cos (a+ 120°) + SR t (21) 
Gb l= ET | 
1). rm 3 20°) — cue E eme, TE 
(€) : br, cos (a+ 120 ) 95 (= + ; -) ; | 
Fig. 8 
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Variation with « of the stress necessary to transform an initially present A 2 
configuration to a B4 configuration—for 0<a<137°41'—or to a 
configuration 4 on a A plane via a C 2 configuration—for 137° 41’ < « < 180°. 
At a higher stress configurations 4 can grow to three-layer twins on the 
B or on the A plane. 


for which the solution is quite simply : 

b 

X se DO MEC. —. .-. . (99) 
This solution is indicated in fig. 8 as “B twin’: as soon as disloeation C 
starts to glide on the B plane, the array of three dislocations can, in principle 


glide to infinity under the same stress, leaving behind a three-| 


Ex: z z ayer twin, 
which is shown schematically in fig. 9 (a). a 2: 


For «— 60°, the critical stress is 
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given by br,/F' = 0-333, and the value of (22. |Gb?)r, is equal to 5-2 10, while 
ra[rg 20:732. Thus it appears that the stress necessary for causing the 
three-layer twin is of the same absolute magnitude as that needed to bring 
the configuration 4 back to 2, at least for a= 60°. 


Fig. 9 


owu Quv roO aoU 


(a) Three-layer twin on the B plane: the t; : . 
tip at the right, composed n re. n x e ders a the origin, Te 
influence of an applied stress. (b) Positions of the at n et. a or 
around the stationary twin tip in fig. 9 (a). Tt is i oms (cf. fig. 2) 
stacking order is reversed in the twin root uidieated thatthe 

The diagram in fig. 8 shows that the br. 

ae MT ars a 1/F values for * B twin’ A 
careca those for ; A2-B'; the critical step for formation of ud du 
twin is the gliding of the C dislocation on the B plane. As a oe 
. n 
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discussed before, when 180°> «> 137?41',even ifthe initial stable equilibrium 
configuration is A 2, it will be transformed into C2. Ifthe stress increases 
further, a three-layer twin on the A plane will be created, because the stress 
for the A 2-C 2 transformation exceeds that for C 2-A, as may be observed 
in fig. 8. Hence, if in the initial state, before any stress is applied, the 
dislocation is in the A 2 configuration, three-layer twins can be created on 
the B plane for 0 «o « 137? 4l', on the A plane for 137? 41' <a < 222? 19', 
and on the C plane for 222?19' < æ < 360°. A remarkable fact is that at the 
a=137° 41’ boundary value a large difference exists between the b7,// values 
for twin formation. The explanation is obvious, viz. the A2-B trans- 
formation precludes the A2-C2 transformation, which must take place 
before a twin on the A plane can be created. 

In the above it is implicitly assumed that the tip of the twin at the origin 
remains in its place when the array of three dislocations moves away. That 
this assumption is a plausible one can be deduced from fig. 9 (b), where a 
projection on the {111} plane, similar to that given in fig. 2, is given of the 
end of the twin tip. It is clear that the three-layer twin given by the 
stacking order B-A-C-B will be annihilated if A and C are interchanged. 
This process, even if it should take place gradually, i.e. if only one pair of 
atoms should change places at a time, must cause distortions in the lattice 
nearly identical to those caused by anomalous faulting. It is not likely 
that this will occur. 

In terms of the dislocation formalism hitherto employed the twin tip 
can be thought of as being composed of a —4(111) complementary 
partial, flanked by two 4(111) primary partials as depicted in fig. 9 (a). 
Movement of the complementary partial alone to the right in fig. 9 would 
cause an anomalous stacking fault in the twin: a back force F* would 
oppose this movement of the dislocation. On each of the primary partials 
a back force equal to 1? is exerted as long as they remain at the tip. As 
soon as one of them should somehow, move away from the other two 
dislocations at the tip, it would be gliding on a plane adjacent to a stacking 
fault and the back force would cease to act on the dislocation. The primary 
partials will only move if the secondary partial moves, which the latter can 
do only by overcoming the back force F*. The condition for movement of 
the tip is: P» F*, which is incompatible with the assumption about the 
energies of ‘normal’ and ‘anomalous’ stacking faults, made in $2. 

The applied stress will exert no force on the array, as the total Burgers 
vector of the three dislocations is zero; it can be concluded that the tip of 
the twin will remain at the origin, even if a stress is applied. 


$4. APPLICATIONS 

4.1. Twin Growth 

As mentioned in the introduction, the incentive for the present investi- 

gation was the realization that in a b.c.c. lattice containing screw 
© 


5 z disloca- 
tions a mechanism for the creati 'owi = " t 
a e creation of a growing stacking fault o 


n a {112} 
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plane will nearly automatically explain twin nucleation as well. The 
subsequent treatment showed that three-layer twins rather than single 
stacking faults are to be expected. However, with respect to further 
growth and development into full-sized twins the three-layer twins are not 
basically different. from stacking faults, and do not present additional 
problems. 
The stress-induced transformation of (111) screw dislocations into 
three $(111) partials each, gliding on {112} planes, will, in general, begin 
with one set of screw dislocations in one of the four (111) directions only, 
the other directions being less favourably oriented relative to the stress. 
These first three-layer twins will, for that reason, encounter no other three- 
layer twins during their progress, but only 1 (111) serew dislocations which, 
although they may be decomposed, are still in place. The geometry of 
$(111) screw dislocations—to which the discussion remains limited— 
relative to {112} planes is rather simple. As follows from a previous 
discussion by Sleeswyk and Verbraak (1961), these dislocations interconnect 
{112} planes which are either nearest neighbours or next-nearest neighbours. 
The point can be illustrated by considering screw dislocations along each of 
the three (111) directions not parallel to a (112) [111]twin. The Burgers 
vectors of the dislocations can be decomposed in the [111] and [110] 
directions in the (112) twin plane, and in the [112] direction perpendicular 
to it, as follows: 


3pm] 3m] + 4m, 
3p T] 402] - 20110] + 2LT11], | wu E89 
$[111] > 4[012] - 2010] + 2 n1 T1], | 


in which +4[112] interconnects two successive (112) planes 
decompositions can be given for the other eleven twins, wh 
merely transpositions of eqn. (23). 

When a three-layer (112) [111] twin meets du 
screw dislocation, two of the three la 
cessive (112) planes. One layer, wher 
presented by the screw disloc. 
the already existing twin : no 


Similar 
ich are, however, 


ring its growth a $[ 111] 
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Such restriction applies to the P 
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4.2. Cross-slip on {112} Planes 

A portion of an expanding 3111 X dislocation loop on a {112} plane may, 
in principle, cross-slip to another {112} plane under the influence of the 
applied stress if the two planes belong to the same (111) zone, and if that 
part of the dislocation loop is a pure screw dislocation, Mostly, nearly all 
of the dislocation loop will consist of mixed dislocation, which is neither 
pure edge nor pure screw dislocation. The cross-slip process will, there- 
fore, take place gradually, starting at a point where the dislocation loop 
possesses a pure ‘screw’ character, while the cross-slip progresses further 
by a transition of mixed dislocation into screw dislocation during further 
expansion of the loop. 

As discussed in the foregoing, a 3 (111) edge dislocation will decompose 

into 4(111) and 4/111) partials, whereas a $(l111) screw dislocation 
decomposes into three 4 (111) partials on different {112} planes. Evidently, 
a mixed dislocation can only decompose asymmetrically as an edge dis- 
location does, into a complementary 3 (111) partial, and a primary (111) 
partial. As a consequence, loops of dissociated 3(111) dislocation can 
exist in two modes: one in which the 1 (111) primary dislocation is outer- 
most and the other (111) partial innermost, and one mode where the 
arrangement is reversed. If now cross slip takes place of an expanding 
loop where a gradual transition of a dislocation from ‘mixed’ to ‘screw’ 
occurs, it makes a difference whether the primary or the complementary 
partial is foremost. In the latter case, as soon as the complementary 
partial attains the “screw ' orientation, it will dissociate into two primary 
partials, of which one can cross slip on the new (112) plane. The result 
is identical to configuration 2 in the above treatment. Further movement 
can occur only if the stress is raised to a value high enough for a three-layer 
twin to be formed, but until then the configuration is immobile. 
If, on the other hand, the primary partial is first in a position to cross slip, 
it will do so without difficulty. When the complementary partial now 
reaches the cross slip position, it is most likely that it will follow the primary 
partial to which it is drawn by the back force exerted by the stacking fault. 
By a dissociation of the complementary partial a new stacking fault would 
be created, which would require more energy. (Unfortunately, it is not 
possible to give more than this qualitative reasoning, at present at least, 
for indicating why in this instance the complementary partial will not 
dissociate ; the continuum theory of dislocations does not apply here.) 

W hich of the two modes of dissociated dislocation loop will be present on 
a certain (112) plane depends on the sign of the stress, and its orientation 
relative to the plane. This can be illustrated by considering a state of 
stress in which the partials in fig. L(b) move apart, creating more 
gd fault between them. ‘The same stress would cause the dissociated 
$11) dislocation in fig. 1 (a) to move to the left, and that in fig. 1 (d) to 
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: cking faults and no twins would tend to 
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ane, and the dissociated 3 (111) dislocations would now glide 


grow on the pl s 
with the complementary partial in front. Insummary: under the stress 
2) plane, dis- 


conditions under which a twin would grow on a certain (112 > 
sociated 4 (111) edge or mixed dislocations will glide on it with the primary 
partial in front; under reversed conditions the complementary partial will 
be first. - 

The commonly occurring 3 (111) glide dislocations on {112} planes will be 
of both kinds under any stress; however, the ‘emissary ' slip dislocations 
produced at the tips of twins exceeding a thickness of ~40 {112} layers 
(Sleeswyk 1962) will be exclusively of the type with the primary partial in 
front. Studies of slip lines radiating from apparent twins at the specimen 
surface show indeed that emissaries cross-slip easily (Hull 1961, Sleeswyk, 
loc. cit.), and an analysis of the indentations in the twin surface markings 
(Sleeswyk et al. 1963) shows the same. Although this is certainly not a 
positive confirmation of the above predictions on cross slip, the present 
treatment elucidates in what respect emissary dislocations differ from the 
average slip dislocation on a {112} plane. 


4.3. Comparison with Experiment 


Thin-film electron microscopy would appear to be a technique well 
suited to verify the predicted configurations. Unfortunately, in most b.c.c. 
metals the stacking fault energy is so high that no resolution of separate 
partials in any of the equilibrium configurations has been reported, nor 
should it be expected. A representative value for the maximum separa- 
tion of partials in the equilibrium configurations is Gb2/7F. In a-iron, for 
instance, with G — 0-83 x 101? dyne[cm? and an estimated F = 130 dyne/em 
this gives a value of ~ 204 for the separation, while the imase width of à 
single dislocation is equivalent to ~ 604. Possibly alloys with low coherent 
twin boundary energies are more promising. Votava (1962) has presented 
evidence of extremely thin twins in 35% Re-Mo alloy; however, it is 
not known whether these were preponderantly three-layer twins ix do 
it appear easy to verify this point unambiguously. a 

The predicted mechanical condition for twin growth is only in fair agr 
ment with the stress condition at which the first twins are pe = Here 
an ambiguity in the comparison is not only caused by the ap x: E i Us 
character of the present treatment, but also by the M M UM 
value of the back force.) "The above estimate of 130 qd a 
1962) was based on two sets of experiments reported in the liter t S EET 

one the ratio between the energies of coherent twin boundaries ps rect 


ordinary grain boundaries was determined, in the other experiments tl 
ments the 


absolute value of the grain boundary energy was obtained. The int 
« : inter- 


pretation of these experiments leaves room for so à 
E 5 me 4 1 
value thus obtained the character of an estimate e ENIMS 
From eqn. (22) the back force can be deduced to be P —3bz,. i : 
can be taken as the observed minimum twinning stress The ee i 
: er is in 
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force of 25 to 250dyne/em, which is indeed in accord with the other 
estimate. 


§ 5. CONCLUSIONS 


The foregoing treatment of the dissociation of $ (111) screw dislocations 
in the b.c.c. lattice can be summarized as follows. 

1. Dissociation of 1(111) screw dislocations is more likely to occur on 
{112} planes than on {110} planes. The three $ (111) partials possess lower 
energy than the dislocations produced on the {110} planes. 

2. Dissociation of a 1 (111) screw dislocation on {112} planes results in a 
twofold symmetrical configuration of the three partials, with one in the 
centre, and two at equidistant positions on different {112} planes. The 
theoretically possible threefold symmetrical equilibrium configuration is not 
stable. 

3. Application of a stress of sufficient magnitude may cause the con- 
figuration to be transformed into a second stable configuration, with one 
partial in the centre, and the two others at different distances on neigh- 
bouring {112} planes. On which of the three {112} planes intersecting along 
the (111) glide direction the two partials glide, depends on the orientation 
of the principal applied stresses relative to the {112} planes. 

4. Further increase of the applied stress to approximately twice the 
value necessary forthe transformation of the first stable configuration to the 
second one may cause the partial at the centre to glide away on a plane 
adjacent to one of the {112} planes on which the two other partials are 
gliding. The moving partials leave a three-layer twin behind in the lattice. 

5. When the growing three-layer twin encounters a crossing $(111) 
Screw dislocation the resulting pole mechanism causes the twin to develop 
to a multi-layer twin. 

6. $(111) dislocations of the edge type or the mixed type on {112} 
planes will be dissociated into a 4 (111) and a 4 (111) partial interconnected 
by a stacking fault. When they move, either the 4(111) or the 4111) 
partial will be the first, which causes different behaviour when the mixed 
dislocation attains a ‘screw’ position and cross-slips. When the 1111) 
partial is first, cross-slip on another {112} plane may easily occur, when the 
$111) partial is first, the dislocation can only cross-slip as a three-layer 
twin. Emissary dislocations are exclusively of the former type. 

7. Although no positive confirmation of the theory by known experi- 
mental results appears possible at present, it can be stated that also no 
contradictory evidence is known. The theory uses simple concepts and 
assumptions, and explains why (112) (111) deformation twinning occurs 
So easily in the b.c.c. lattice. 
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ABSTRACT 


The ‘ Green function’ method of Korringa and of Kohn and Rostoker is 
generalized to the case of a disordered assembly of atoms. If it can bo 
assumed that the wave-function of an electron has a‘ wave-vector’ k, thon its 
energy can be calculated. The equations depend only on the radial distribution 
function of the atoms in the liquid and on their phase shifts for electron 
scattering. But the wave-vector k is not real, as for a Bloch function 
in a solid. It has an imaginary part, which corresponds to tho scattering 
of the electron by the irregular atomic arrangement. 

It is shown that the assumption that k exists is equivalent to assuming that 
the liquid is microscopically homogeneous. The method can be generalized to 
take account of inhomogeneities ; a ‘local’ value of k can bo calculated for 
each configuration of the atoms in a finite cluster immersed in the fluid. 

No actual numerical calculations are reported in this paper, but the pro- 
cedure is evidently capable of giving practical results without undue labour. 


$1. CONSTRUCTION OF THE GREENIAN 


Ir is easy enough to construct a ‘nearly free electron’ model for the electrical 
properties of liquid metals (Ziman 1961, Bradley et al. 1962). The problem 
now is to go further, and to calculate the effect of the ions upon the basis 
wave-functions of the electrons. What are the stationary states, what is 
the distribution of energy eigenvalues of the Schrédinger equation for 
electrons moving in a disordered structure ? 

The one-dimensional problem has effectively been solved by Borland 
(1961), Makinson and Roberts (1960), Roberts and Makinson (1962). 
Energy gaps may still appear, if the deviation from perfect order is not 
too large, but the system also shows localized states (Phariseau 1960, 
Borland 1963, Roberts 1963). 

In the three-dimensional case, which is more realistic as a model, Edwards 
has derived some important general results by a perturbation expansion 
(Edwards 1962). His method does, however, assume that the scattering 
cross section of each ion of the metal is quite small; it breaks down when 
the.actual mean free path of the electrons becomes only a few interatomic 
distances. 

The present paper is a formal account of a new technique for dealing with 
the problem. It is based upon the so-called ‘Green Function mono 
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for the analysis of the electronic band structure of ordered solid Kd 
the method of Korringa (1947) and of Kohn and Rostoker (1954) [KR]. 
This method is known to be a powerful procedure for the Caloulation of the 
band structure of solids (Ham 1962, Ham and Segall 1961 [HS], Segall 
1961, 1962); we shall see that it is capable, in principle, of giving similar 
results for liquid metals, although we have yet to test it by a detailed 
calculation in practice. : 

The argument is really quite simple. As in [HS], we start from the | 
basic integral equation for the solution of the Schrédinger equation for a | 
particle moving in the potential V(r): | 


Jr) — (n) fe — r'| exp (ix|r—r’]) V(r')b(r’) dr’, (1.1) 


where x? is the energy of the electron, in reduced units—we suppose that 
we are dealing with states of positive energy, not with states bound in the 
ion cores. This is, so to speak, the construction of a solution by the use 
of Huygens’ Principle. The wave function at r is the sum of wavelets 
scattered from r' by the potential there. 

Now we assume the analogue of a ‘muffin tin potential’. We put: 


V(r) = vlr -xj), MEC etree ane (Din 


where x; is the position vector of the centre of the jth ion and v is an atomic 
potential which is zero outside a radius b. For the moment nothing is 
specified about the arrangement of the ions, except that.no two potential 
fields overlap; we assume that b is smaller than any value of ix,—x;]. 
The whole question of the definition of v(r), whether it is properly the 
Hartree-Fock field of an atom, how it should be ‘screened ’ by the conduc- 
tion electrons, whether the assumption of a finite radius is justified—all 


these problems that would arise in a practical calculation are here set aside. 
Put (1.2) into (1.1); we get: 


P 
P(r) = — E> |r—r’[ “exp (ix|r—r’|)o(r’ — Xjb(r)dr'. (1.3) 


But the short range of v allows us to reduce the integr 

volume, for each value of j, to an integral over i 

yum D =a panies £ Q 

bey ond p= x;|=0 there is no contribution. P 

arbitrary ‘cell boundaries’ between the ions 
2 


al over the whole 
the sphere centred on x;; | 
urely formally, let us draw 1 
and write: | 
here r ] Nw. a (1.4) | 
where r happens to lie in the jth ‘cell? S. iti | 
these boundaries do not Su matter, ee e. m ae ae "i | 
with points in the immediate vicinity of the boundar S X der d DUM | 
where the choice of the proper X; is unambiguous Ve on 
Our integral equation can now be written : 


We +x;)= — CD Í ,IP te x] exp 


Urle +x;— 0! — xy) 
xU(p')h(p’ +x;) dp’. 


This equation is exact. 
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In the case of a solid we can now use Bloch's theorem. The vectors 
x; form a regular lattice and there exists a vector k such that 


#(p+x,;)=%(p)exp(tk.x;). . . . . . (L6) 
We substitute (1.6) into (1.5), and get: 


ple) exp (ik . x;)= — (4r) F | le- ex, -x| exp (ixelp—p’ +x; x) 
j Sj 


x v(p’)b(p')exp (ik.x;)dp’, . . . . . . (1.7) 
which can be rearranged to read: 


(9) = H 2 (47) Ze -pg' *x,-xj|*exp (ixl —o' +x; —x;|) 


x exp D. 65x oe We) de! Seas oe CLS) 


The beauty of this formula is that it is essentially of the same form as 
(1.1) except that the integration is now over only one single cell; the effects 
of all the other cells have been taken up in the definition of the Greenian 
of the system] : 


G(p—p)— — (47) Ye —p' +x; —x;| exp (ix|p — p' -x; x») 
72 
xexp[-ik.(xj-xj) . . . . - . (19) 


This function is, of course, dependent on « and on k, but by the translational 
invariance of the lattice it does not really depend on the choice of an 
origin x;. All properties of the structure—of the arrangement of the ions 
to make a crystal—are in G(p — p^) ; all properties of the ions themselves— 
their valency, core potentials, etc.—enter eqn. (1.8) separately through the 
potential v(e). 

'The essence of the method in the case of the solid, is to try to find à 
solution of the integral eqn. (1.8), and hence to fix a relation between the 
energy x? and the wave-vectork. Asis well known, a variational procedure 
is used. The variational functional of (1.8) is: 


A= [ uetertenitp) de — | [ Yewa — erede dede", (1.10) 


in which (o) is to be varied. 
Now return to our liquid, where only (1.5) is valid. There is a variational 
functional for this integral equation, just as for (1.8)]. If there are N 


T We are indebted to Professor Pippard for this suggested nomenclature : 
Te CUR invented by Mr. Green is surely, by now, of the status of the 
iunctions invented by Hamilton and Lagrange, or the operators associated wit 
euis or D'Alembert. Eun 
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ions in a macroscopic unit volume of liquid, we must vary 


NA= zf J*(p 4-x)v(o)U(e xj) de 
jJ 3; 
S zJ J J*(p +x wle- rle- e x; 
5,3. sjJ sy 
x exp (ix|p — g' + x xy hole (o  x;) dpdp’. (1.11) 
This again is exact. But (1.6) suggests a form of trial function for 
y(p +x) that will reduce it to the much simpler formula (1.10). Let us 
assume that a ‘Bloch’ condition still holds in the liquid metal; let us assume 
that there exists a vector k such that 


p(p+x,)=~(p)exp(tk.x;). . . + + (1.12) 


for all values of x; and for all values of on or near the ionic sphere. 
Substituting (1.12) in (1.11), we get exactly (1.10), with now, in place of 
(1.9) (of which it is a generalization), the Greenian : 


G(R) = — (40) DR 4- x; — x, | exp (tx |R + x; — x;]) 
ja 
x exp lik. (x; =x) . - . . 2. . (1.13) 


again a function only of x?, k and R. Being a double sum over all the 
positions of all the ions in the liquid, this is easily expressed in the form: 


G(R) = — (47-8) exp (iR) + DIR -Xxyj|-* exp (ix|R — x;;l) 
j'*j 
x exp (ik xy) | eee e orte Lies) 
Av? 

where we take out explicitly the terms in (1.13) for which j =j, and th 
notice that the remaining terms involve an average, over all $t ] fa 
sum involving the relative distance Xj = Xj —X; roma that site to i d : 
sites y in the liquid. It is natural to introduce the radial BeBe 
function P(x), such that N P(x) dx is the probability of finding an Mie a 

v TC 


the element of volume dx at a dist : : uon 
Thus: istance x from a given atom in the liquid. 


G(R) = — 4 R)- exp (ie) +N | C— m) IR — x exp (i R x) 


x exp (ik. x)P(v)dx— G(R)+D(R), . . (1.15) 
where G(R) is the Greenian for a single free partiel ru 
Since the radial distribution function can be c i 
variation of X-ray or neutron diffraction, it is no 
to evaluate G(R) for the liquid than itis to carry o 
sums in (1.9). This is the essence of our method - the * Bloch’ a; t 
5 ssumption 


(1.12) about the wave-function reduc 5 
: es th i 
MS nonu S REO problem to a form 


from the theory of atomic potentials taken from observation or 


alculated from the angular 
more difficult, in principle, 
ut the corresponding lattice 
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§ 2. ExPANSION IN SPHERICAL HARMONICS 
The spherical symmetry of the ionic potential v(r) is deliberately devised 
so that we may expand the wave-function j(g) in spherical harmonics. 
The isotropy of the liquid, in bulk, suggests that one should choose, as 
the axis of polar coordinates, the ‘wave-vector’ k of the state. It is 
obvious that then we need only consider spherical harmonics with axial 
symmetry about k, i.e. 


MO YVap)fpp,. - - - .. . (21) 
7 
where &, is a solution of the radial equation of energy x? in the potential 
v: 
l l 922 
= AG D) uis) -e jane. . o. (2.2) 
P*dpN dp p 


We use the symbol /,,(p) to refer to a spherical harmonic of the polar 
angles of the direction ofp, with the orthogonality condition : 


SAOZ IA) e, Un CES NEN (2.3) 


The coefficients o; are to be determined. 

As in [KR] part of the integrand of (1.15) can be expanded in these same 
functions : 

= (47)-!|R is x|- exp (ix|R m x|) E Kk» jc E) [ni (iec) a ik) IY im (R)7 t, (x), 


im 
sce ae (224) 
where j; and n are the usual spherical Bessel functions of order J. This 
expansion is valid for all values of E «x. To ensure that this will hold 
in (1.15) we must have P(v) —0 for x «25; the atomic spheres must never 
be allowed to overlap. 
We can also expand exp (ik.x) about the same axis k: 


exp (ik x)= F(U + 14r) jelke) Volx) — . . (2.5) 
1 
Putting together (2.4) and (2.5), in (1.15), and using (2.3) in an integral 


over the solid angle of x, we find that we may express the structure part 
of the Greenian in the form: 


D(R) — 27:9 («R9 , (R); me cr | (226) 
where 


Dry =N«(20+ y) | “gl — ij plex) yj (ka) P(x)a*%da. — (2.7) 


The further steps are the same as in [KR] or [HS]. We expand D(p — 9’) 
in spherical harmonics for the directions of the vectors p and 9’. The 
Greenian takes the form: 


Gle- e^) - &2 jilep) lulo) — ijile NY mla) m9’) 


Im 
ta Vw vm Ip) jelo Y in O)Y re"), 5 a ` (2.8) 
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where à 
Brin, in 4m Y D Cin. Um’: $ z t i 2 ^ (2. 9) 
L 


We here introduce the coefficients defined by 
Ci rm [29r m o. Too 


which are expressible as products of Clebsch-Gordon coefficients. 

Returning to the variational functional (1.10), and using the fact 
(2.2) that we are expanding in solutions of the Schrédinger equation 
inside the atomic sphere we find: 


a={ as | as GP Hog [Pvt r- eer 


p«b—92« p 


= > Apo ay, in Sac ee ee (lal) 
w 
where 
Ay= T4). jib) (Fro, vo — Sy) [40 (0), jy (0)] + rôn [42,(5), ny (x0)]) 
= [2 (0), je) Ap (0)- jel) KZ; ro + «Sy [eotm(e)—i]. ^ (2.12) 


In these expressions the logarithmic derivative of the radial function at 
the surface of the atomic sphere occurs, in the symbol 


: zona] 3 
[A),jdedy)= Alp) 960) — jd) AH) (pug 
D^ |p=b dp |p= 
The phase shift n, of the [th partial wave can be introduced by the formula: 
cot [25),n(«6)][22(0),5(«b)] . . . . (214) 


as in the ordinary theory of scattering. 
The variational principle asserts that the values of œ in (2.11) should be 
chosen so as to make A extremal. This requires that the determinant of 


the coefficients Aj, should vanish. This may be expressed more simply by 
defining new expansion parameters : 


Bi [F,(b),j,(xb) Jon, Jem eg go (RID) 
the variational condition would then be: 


det [Zh vo + By [cot n(x) — i]| — 0. 5-9 "s (1) 


The relation (2.16) implies a relation between k? 
we are studying, and k, its wave-vector, as assumed in (1.2). Th 
coefficients Brg, rg depend on « and on k, and also on the radial dius ili ti x 
function of the liquid, through (2.7) and (2.9). The phase hift Su 
depend upon the atomic potential in each Sphere and also em K? th ; » D 
energy. The solution of (2.16) usually requires a numerica] cu E 


but it is useful that the ‘structural’ f i 
us and ‘atomic’ R j 
the coefficients of the determinant. ee TE 


; the energy of the state 
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$3. INTERPRETATION OF COMPLEX WAVE-VECTOR 


The mathematical procedure outlined above evidently gives the magni- 
tude, k, of the wave-vector as a function of the energy, x?, of the state. 
The remainder of this paper will be concerned with the formal status and 
physical interpretation of this result. 

The first point to notice is that k comes out to be a complex number. 
In the case of a solid we know from Bloch’s theorem that (1.6) is satisfied 


for real k. For a liquid this theorem does not hold. We find 


(Peary ge oo po wee eel) 
which would correspond to a travelling wave decaying like 
u(r) = exp (ikr) exp ( — kor) ce e uc u(3E2) 


in the directions of propagation. 

A function of this form cannot be a stationary solution of an ordinary 
Schródinger equation, for it would have the wrong behaviour towards 
1 — co. The assumption (1.12), and the process of averaging in (1.15) 
have destroyed the eigenfunction property. This is natural enough. A 
true eigenfunction for an electron moving in the disordered assembly of 
atoms must be much more complicated than we have assumed. For 
example, we know that it will, eventually, have been diffracted and 
scattered into almost all possible waves moving in all possible directions. 
The function that we have found is only an approximate solution, valid 
only for a certain region and for a limited time. 

To show how complex values of k arise within the analysis, let us recall 
the proof, given by [KR], that in the case of a solid the ' cellular’ Greenian 
(1.9) is Hermitian. This depends upon the fact that it can be rewritten 
as a sum over the reciprocal lattice vectors g : 


G(R) = — N>[|k+g|?— (x? +t) ] exp [i(k +g). R]. . (3.3) 
g 


ri : 8 i i i 
The essence of this formula is the Fourier transformation of the free 
particle propagator : 


G(R) = — (4r R) exp (ix R) = lim fen fie- eeiam 


e>-+0 


x exp (iK. Rd), pepe re sc (3:4) 


where the sign of the imaginary part ie in the energy denominator is 
important in determining the positions of the poles relative to the real 
axis, which determines, as is well known, whether we are dealing with 
in-coming or out-going waves. ‘The summation over g in (3.3) is, however, 
independent of the sign of e, as we never come near any of the poles. 
Physically speaking, the regular crystal lattice diffracts the electron waves 
but does not cause any real transitions into other waves of the same energy 
It is interesting to make the same transformation in (1 .18). We $n de 
this by introducing the interference function a(K), which is related to the 
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radial distribution function by a Fourier transformation : 
P(x)—12(8232N) OS 1]exp (iK . x) dK, 5 6 81) 


taking the vector x to be in an arbitrary direction. Substituting in 
(1.15) we find, after integration over x, — 
pir) = — xP ik-R) _ 1 Í exp[ik-FK)-R] rey. i1gK, (3.6) 
: k?— (2 +%e) 803 J (k--K — (2 - 1e) 
which is the analogue of (3.3). 

But now the zeros of the energy denominator in the integrand cannot 
be avoided. The sign of e is important—and the proof that D(R) is 
hermitian fails. The disordered structure of the liquid brings about real 
scattering from the state of wave-vector k into any state whose energy 
(k+K)? equals x?. As time goes on—as e diminishes—these transitions 
become more and more important. 

In conventional perturbation theory (e.g. Edwards 1962) one deals with 
this difficulty by taking all wave-vectors to be real, and allowing the 
dynamical equations to produce solutions of complex energy, of which 
the imaginary part is interpreted as the inverse of a relaaation time, or 
lifetime of the state. In our present formalism it is much more convenient 
to make x? lie very near the real axis, and then to allow k to become a 
complex variable. It is much easier, for example, to discuss the radial 

functions, satisfying (2.2), if the energy is real. 

The physical interpretation of the imaginary part of k is, of course, very 
simple. Taking |4|? as the particle density, we see from (3.2) that 

1/25, — L, jig i m wee (307) 
the mean free path of the electron in this quasi -state. 

It is interesting to verify this relation in a simple casey. Suppose that 
i: NE ue M E from each lon, so that nı=0 for 

21 ow reduces to a single algebraic equation: 
: Boo, oo SIN M9. exp (ip) eS, 5 a > (3.8) 
Going back to (2.9) and (2.7) we find: 
op. go ms (47)? 


= (4h) | exp (ix) sin ka . P(x) dx 

0 ^) 

from the definitions of the spheric 
But if we introduce a(K) as in 
on the assumption that x? has 


(3.9) 
al Bessel functions. 


(3.5), and carry out all the integrations 


a small positive imaginary part, we find : 


"|t k 1 w h 

dy E d dam 

w= | ema * gx] o Rae (0) — 1) aK} (3.10) 
so that our eqn. (3.8) for the relation between k 


je oe Az N sin yp) exp We Ra fn 
5 i D 
0 


and x can be written : 
k+K)2— 2 
AEE 


( 
(E — Kyu K) —1] dK }- 


kk 87N 
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It is obvious that our first approximation is to put k=« on the right, 
whereupon the real part of k becomes: 
ke, e «+ (4 N [24 sin mg; Ro Y te ey) 
and k, the imaginary part, is small of order nọ”. 
To evaluate k, to this order, we notice that putting k=« in the logarith- 
mic term inside the integral gives: 
in (K/2«)+1 
([2«) — 1 
whose imaginary part is zero if K > 2x, but which has an imaginary part 
im for K «2x. We thus get, on the right, an imaginary term containing: 


inf taK- ricas. a - 904) 
0 


(3.13) 


Putting this in explicitly, and solving for the imaginary part of k, we get: 
2K 
Deg = (2n Nyl) Í NOKU ROTER) 
0 


Thisis just what we should get, in this approximation, if we had calculated 
the inverse mean free path (3.7) of an electron of momentum x, in the nearly 
free electron approximation used by Ziman (1961). The differential 
scattering cross section of each ion, with a small s-wave phase shift, is 
noz/x2. "The structure of the liquid introduces the interference function 
a(K) for scattering through the angle defined by 

eres (O)2) eee sc (3-18) 
Thus, (3.15) gives just the total scattering probability through a whole 
solid angle, hence the inverse of a mean free path or a relaxation length. 

It should be noted, however, that this length is not the same as the 
mean free path that is used in the theory of electrical conductivity. This 
would contain a further factor 

AK@)2=1—cos@. = 2 = - - (3.17) 
under the integral sign, to allow for the persistence of velocity in each 
transition. 

It is also interesting to see, explicitly, how the imaginary part of & has 
arisen through the analytic properties of (3.10) where the function (3.13) 
has branch points at K=+2x. This is a simple case of the principle 
discussed above—the need to watch out for similar singularities in the 
Greenian (3.6), considered as a function of k. 

On the face of it, (3.6) would seem a more suitable starting point for 
calculation of the Greenian than (1.15), because it contains the actually 
observed function a(K). We thus avoid the Fourier transformation (3.5), 
to produce P(x), followed by another integration such as (2.7) to get the 
coefficients in (2.9). A detailed study shows, however, some practical 
difficulties. The first term in (3.6) does not satisfy the Schrédinger 
equation for the Greenian in each cell; it must be cancelled off by the ether 
terms produced under the integral over K. These arise from the part 
of a(K) that ensures that P(v) is truly zero within the distance 
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a <2b—a part of a(K) that is not very easy to get quite right by direct 
observation. It is better to make sure that P(x) really does vanish in this 
region, before calculating the structure coefficients. 


$4. COMPARISON WITH PERTURBATION EXPANSIONT 
The procedure advocated in this paper has the advantage that it uses 
all the information, and only the information that we normally have about 
the liquid structure and the ion potentials. Nevertheless, it is only an 
approximation. The Greenian (1.13) can be represented by its Fourier 
transform (cf. 3.6): 


G (k, ic) = NA Y (x2 + ie — K2) exp [iK — k) . (x; —x;)]. (4.1) 
wv 


This is just the sort of term that arises in the perturbation series derived 
by Edwards—for example his expression (3.12). But we know that this 
only provides a partial solution of the problem, in that it ignores multiple 
scattering by a succession of atoms j 4j 7j whose positions ought to be 
described by correlation functions of higher order than the pair-correlation 
function P(x). We do not, in practice, know these higher-order correla- 
tion functions in the liquid, but they may well be important in fixing the 
electronic structure. It is not difficult, for example, to construct models 
of “polycrystalline solids’ that have the same value of P(x) as the liquid, 
but which are locally highly ordered. 

On the other hand, our method does go further than the conventional 
perturbation expansion m one respect. By using a partial-wave analysis 
eee ee oe Weare emenda exaetly the part of the 
s a ated w ple scattering from a single centre. 
pol p ae down for sg of conduction electrons 

y the. E potentials carried by a metal ion. 
need, in the [KR] formulation, to invent 
‘t-matrix’ to replace it. 

VA? T1. «431 x L . 

We are still left with two difficulties —how in principle should we allow 
for higher-order correlation functions in the liquid structure and 1 
we justify the ‘Bloch’ assumption made in (1 12). Asw ie 
questions are closely related. eee pudo diese 


The simple 


There is no 
: s 
a “pseudo-potential’ or a 


P p S y Y 
$5. GENERALIZED [KR]-FoRMULATION 
The Korringa-K R. method, in the case of a solid, depends for it 
. n 3 à 
tages over ordinary perturbation expansions in plane way E 
use of spherical harmonics and solutions of the radial equati WE 
muffin tin. Let us try to make the mos ee eee 


k t of these ady. : ; à 
this representation of the wave-function at the pup 
age of the 


argument. For example, let us introduce ; 

X : SER i e mt z A AE 

function for the liquid (1.11) a trial function of eee o 
2.1) at each 


+ We are grateful to Dr. V. Hei 
. . n ^ 
€ for some remarks on this section. 
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different atom : c. 
y (o +x) = 2o AO (p) i (p). uet sce (onb) 


Un 

We mean this to be perfectly general. The coefficients of) are to be 
chosen quite independently on each atom. We have not made any 
assumption about the existence of a ‘wave-vector’, so that there is no 
symmetry axis to reduce the number of spherical harmonies in the expansion. 

The wave functions at x; and x; are linked, in (1.11), by a Greenian 
which takes the form: 

Gjj«(p— e) = Gol e— p); — (477) “10 — p- x;y |7 exp (ix|e — o' —x;;]) 

x (1— 8,5), "ope ree x 5:2) 
where xj; —x;— xj, and where we must deliberately distinguish between 
‘diagonal’ terms, where j —j', and the * non-diagonal" terms, where j 4)’. 
We want to express this, also, in spherical harmonics of p and 9’. 

The diagonal terms reduce by elementary steps to the first term in 
(2.8). For the other terms we may use the expansion (2.4), since 2,7 E ; 
— (47) |R — x; [t exp G«|R — x;;]) = «336 R)[n(er;7) — (er 47") 


in 


x Dry (RY im (Xy) = Di DG Rox (R), a q $ (5.3) 
X 
where 
20) =i Pkn glet) = EDY rey) o o + (4) 


(and is zero, by convention, if j =4’). 
The further steps leading to (2.8) can now be taken. We introduce 


Gi) — VO OC. LM K 
Buyin = 29 ik Contin’ > 2 aa M C (5.5) 


as in (2.9) and (2.10). The Greenian (5.2) becomes: 
Gp oat p^) = ; 2 (jp) [ri («p^) b Vj (p^) 85mm’ js 
m; Um" 
ar VIB 0p ij lp) jele YY ime) Yim Co^) CADENA au Me (5.6) 
The introduction of (5.1) and (5.6) into the variational functional (1.11) 
and the usual steps of reducing volume integrals, by means of the radial 
eqn. (2.2), to surface integrals, as in (2.11), produces the following result : 


= Gr ys G^ = 

A= » Nitro? of, S OE M q (9. [ ) 
Tn; Um‘; jj’ 

where the coefficients can be written down in terms of 2, Ohy, ete., as in 

(2.12). Just as in (2.15), we can re-define the parameters of the trial 


functions, to read: 


B= (AP (6), E - - . . . . (58) 
The conditions that A should be external then read : 
v È UP, "B (cob X? d 188,85, yB LUE oe (5.9) 
mj 


where, as in (2.11), n% is the phase shift of the lth partial wave at the jth 
atom (we may thus include any effects due to mixing several different 
atomic species in the liquid). 
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Even if we restrict ourselves to a small number of spherical harmonics, 
constitutes an effectively infinite set, there being at least one 
for each atom in the liquid. The condition for the self-consistency of this 
set. is, of course, the vanishing of the determinant of their coefficients. 
This determinant is a function of x and therefore provides a large number 
of roots for the energy x?. "These will be the energy eigenvalues of our 
original Schródinger equation. All this is formally exact. There is no 
question of complex values of « being needed, nor any mention of complex 
wave-vectors. The actual wave-functions to which these eigenvalues 
would correspond are expressible through the coefficients BP; we know 
nothing, from the present formalism, about their properties. 


eqn. (5.9) 


$6. JUSTIFICATION OF THE ‘ BLOCH ’ ASSUMPTION 
It is evident from (5.4) and (5.5) that the coefficients linking the wave- 
function at j and j', are functions only of the vector distance x;— xj. 
Let us write eqn. (5.9) in the form: 
= > wn (x—x;) | »(x s Xj) 
I'm THAI 
XiBrsu(X)dx;— 2. eg he aera cor 
assuming that all atoms have the same phase shifts. 
The introduction of the Dirac delta function, with an associated inte- 
gration over a dummy variable x, is purely formal. But let us note that 
23(x-x,)-n(x|x;), xe Rocca ce] 
i JEE, 
meaning the actual density function of atomic ri i 
centres, excluding the centr 
at x;. Thus, (6.1) reads: : : ae 


«(cot y — i)m) = SAL xynm(x|x)Br,(x)dx. . (6.3) 


Nowlet us assume a conditi. : i 
D 2 on of ‘homoge Ta i i 
Gui a Di ae geneity '—viz. that is a continuous 
variable x. This is only possible if n i 
y (x/x;) is also a 


k(cot pi Bin X;) am 


continuous function of (x —x;); in other words: 
n(x|x;) = N.P(|x — x;|) : | 
the radial distribution function defi i us (es) | 
efined in $1. These are i i 
assumptions —indeed they are almost the only possible cae cones E 
want to discuss the general behaviour of the wave-funeti eee | 
interatomie distances. SHOUS over many | 
Substitution of (6.4) in (6.3) gives ri . i 
- T i +») Slves rise to an integral equati | 
for B, (x) We need not write this equation down md 2o be solved | 
notice that it is of the form : cuy; we merely | 
4 
= j | 
ApBp(*) = x [re- x JB, (x^) dx'. (6 5) i 
Tt is not difficult, by straightforward functi : | 

ANN e u 

solutions of this equation must a B o , to prove that the | 
exists a vector k such that 91 condition—viz, there l 


B, (x X') - B, (x) exp (ik. x’). z (6.6) 


——— 
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The fact is that, like the Shrédinger equation in a periodic potential, 
(6.5) is invariant under the group of translations in real space. In the 
case of the regular lattice, the invariance only subsists under the sub-group 
of ‘lattice translations’; in our equation the group is continuous. However, 
for reasons that were indicated in $3, the integral operator whose eigen- 
functions we are seeking in (6.5) is not hermitian ; the usual condition that 
k must be real is not imposed in (6.6). 

It is obvious from (5.1) and (5.8) that (6.6) is the same as (1.12). The 
‘Bloch’ condition on the wave-functions is not an arbitrary assumption 
useful for reducing the algebra; it is a consequence of a quite general 
simplifying assumption that the liquid is to be treated as homogeneous. 

"There is no need to go on from (6.3) and (6.4) to re-derive formulae, 
such as (2.16), already deduced from (1.12). It is really only a matter of 
doing the integration over x, in (2.7), in another order, and using the 
symmetry axis k to reduce the number of spherical harmonies in the 
expansion. There are, indeed, a number of different ways of carrying 
through the various integrations leading up to (5.9). For instance, one 
can start with the formula given by Segall (1957) for the [KR] method 
in the case of a solid with more than one atom per unit cell, and one can 
then let the unit cell become very large, so that it embraces the whole 
volume of the liquid. The reciprocal lattice vectors g (cf. (3.3)) then tend 
to a continuous set, the sum over g becomes an integral, and the Fourier 
integral leading to (3.4), for example, can be undone. Or, again, one may 
use Korringa’s method, matching the incident wave on the surface of each 
atomic sphere with the waves scattered to it from other spheres. This 
formulation is a little more direct, in terms, say, of Huygens' principle, 
but does not show the power of the variational principle in determining the 
best possible algebraic relations between the coefficients. 

One point about the ‘Bloch’ condition (1.12) is, perhaps, clarified by 
its reformulation (6.6). It does not mean that the wave-function itself, 
in the free space between the ions or elsewhere, is of the form ; 

exp Okan) Ec E OU) 
All that it tells us is that the amplitudes and phases of the wave-functions 
at equivalent points p=’ on the surfaces of two atomic spheres distant 
Xj, apart are fixed by this ratio. It is only an envelope function. a 
pseudo-plane wave, imposed upon the much more complex functions that 
satisfy the Schrödinger equation inside each atomic potential well, and 
which radiate to one another across the interstitial regions. "This is funda- 
mentally different from the conventional perturbation expansion, where 
the wave-functions are explicitly or implicitly, described by combinations 
of ordinary sinusoidal functions with real wave-vectors. 


§ 7. CLUSTER Sums 
Ts it possible to calculate the energy distribution of the electron States 
to higher order? The problem, essentially, is to find solutions of (5.9) 
without the assumption of homogeneity. The following procedure is : 
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atom, the jth, and try to find 
t we believe that only the 
atom are really impor- 


suggested. Let us fix upon some particular 
a local solution of the equations. Suppose tha 
wavelets from the cluster of s atoms containing this 
tant. We can separate the eqns. (5.9) into 
s-l 5 
i) 486 j, j+p) BGP) 
K(cot ni xd Bi? ar È > B ee b Bw 
p=1 m 
$ S RESET ONU 
ar > Bryn xx xj. > 8(x vi xj Jos eo dx 0, ( ) 
Unt : j-its i 
by the same device asin (6.1). But the sum of delta functions is the e 
of the liquid, at the point x, upon the assumption that the atoms j, J +] ae 
j+s—l are fixed. We can replace this (exact, but discontinuous) function 
by its configurational average, Tes 


(S sx-xjJ) = NPs, Xue eed (2) 
j-jts Ay 
the correlation function for the probability of (s +1) particles having these 


positions. ‘Thus, we have to solve the equation : 
=1 


8 
(cota? -D+ E I IRD pun 
p-lum 
E LN Zh ew (X— x,)P, ax; Xj CS) X; 45-11%) Bym/(X) dx=0. (7.3) 
Unt 
The variables B6?) are still floating in this equation. But consistently 
with (7.2), and in the spirit of (6.4), let us assume a more general homogeneity 
condition—viz. that the equations defining the properties of this cluster do 
not depend absolutely on the position of this cluster in the sea of surround- 
ing liquid. This tells us that we are to treat these coefficients as continuous 
functions of the positions of the corresponding atoms, relative to the position 
of the chosen atom j at the centre of the cluster. "Thus, we write: 


Ft?) = Bin Xp — Xj)- es ce pera es) 

The linked integral eqns. (7.3) are now, from the point of view of functional 

analysis, similar to (6.5). One can show, as before, that there exists a 
vector k® such that: 


BEF? = Bi exp [ik (x; —x;)]- SU UT 45) 


Putting this into (7.3), and the equivalent under the integral sign, gives 


a set of homogeneous linear equations for the coefficients BE? for various 
z ; ; : ; n 
values of land m. If we use L spherical harmonies, then we shall have to 


find the roots of an Lx L determinant, just as in the elementary formula 
(2.16). But the coefficients in this determinant will depend upon the con- 
figuration of the atoms in the cluster; there is a 


which will be different in different clusters. T£ our cluster contains s atoms 
then we need to know not only 


hen we n r the arrangement of these atoms but also the 
distribution function P,,,, for the average position ofa (s + 1)th atom outside 
the cluster. 


‘local’ wave-vector k? 


ERE EE EE 
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It is obvious that this type of computation requires far more information 
about the arrangement of atoms in the liquid than we have available, 
except perhaps by Monte Carlo calculations on models of the Bernal type 
(Bernal 1960, Bernal and Mason 1960, Bernal et al. 1962). Nevertheless, 
it shows, in principle, how one might set up a ‘local band structure’ for 
the electrons. For given energy, the value of k® varies from place to 
place, according to the local arrangement of atoms. Only in the case of a 
solid, when every ‘cluster’ is exactly the same, do we get exactly the same 
value of k? around each atom. Only if we assume homogeneity, as in § 6, 
do we find that a ‘wave-vector’ exists independent of the position of the 
atom under consideration. Perhaps this final tautology demonstrates 
that the procedure of S$1, 2, for all its apparent arbitrariness, is self- 
consistent and in agreement with our general physical ideas about homo- 
geneous liquids. 
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ABSTRACT 


Crystals of silver chloride containing 0-1 mol % cupric chloride wero 
annealed at temperatures just below the melting point (455°c) and then 
cooled. Under dark-field illumination lozenge-shaped dislocation loops 
were observed in them. The orientation of the loops indicates that they lie 
in {110} planes and that they would glide on {111} planes along <110> 
directions. The configurational charge of edge dislocations in silver chloride 
gliding in this way would normally contribute an electrostatic term to the total 
energy of the crystal containing dislocations. It is suggested that the 
configurational charge is neutralized by cupric ions which adsorb on the edge 
dislocations, thus forming a stoichiometric compound, so that effectively there 
is no electrostatic energy associated with them. 


$1. INTRODUCTION 


Parasnis and Mitchell (1959) have described the decoration of dislocations 
remaining in crystals of silver chloride containing cupric chloride after they 
had been annealed at temperatures up to 420°c. When the annealing 
temperatures were just below the melting point (455°c) an entirely new 
class of phenomena was observed. "There was clear evidence of disloc 
climb. Forexample, helical dislocations and systems of co-axial exp 
loops were observed. The purpose of this paper 
geometrical factors regarding the prismatic disloc 
rhombic shape. 


ation. 
) anding 
1S to consider some 
ation loops which had a 


5H2 
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$2. EXPERIMENTAL METHODS 
aining 0-1mol % cupric chloride in 
d were prepared by the method 
They were annealed in chlorine 


The crystals of silver chloride cont 
which these phenomena were observe 
described by Parasnis and Mitchell (1959). lu : 
at a pressure of about 300mm Hg at temperatures around 440 [9 for ten 
hours and then cooled to room temperature fairly rapidly. Individual 
erystals were kept on separate hysil glass pieces and, in order not to deform 
them, only the glass pieces were handled. 


§ 3. OBSERVATIONS 


3.1 


When the crystals were examined with an optical microscope under dark- 
field illumination the dislocations throughout the volume were found to be 
decorated with discrete particles of a second phase, probably rich in chloride 
of copper, CuCl,. In the recrystallized areas there were no networks or 
forests of dislocations, but a variety of forms of isolated prismatic dis- 
locations was observed: (a) helices having circular projections normal 
to their axes, (b) helices having rhombic projections normal to their axes, 
(c) sequences of co-axial rhombic loops associated with precipitate particles, 
(d) such sequences of circular loops, (e) isolated (at least apparently) 
circular loops, and (f) isolated rhombic loops. All of these have been 
photographed and discussed (Parasnis 1960) but only photographs of the 
rhombie loops are reproduced here. (See fig. 1 (a) to (g).) 


3.2. The Orientation of the Rhombic Loops 

No x-ray analyses of the crystals were made because the symmetry 
allows the orientation to be determined by simple microscopic examination 
Some of the helices had axes normal to the surface. One turn of one such 
helix is seen in fig. 2. Some loops lay accurately parallel to the surface 
(fig. 1 (d), (e) and (f)). The angles of the rhombi of ie. 1 are equal to th 
angles between the sides of the turn of a helix seen in Âa 2 Te ax f 
many of the sequences associated with precipitate particles lay al th 
direction of the axes of some helices, and both were parallel to in e x 
Earlier work (Jones and Mitchell 1958 and Parasnis and Mit Sm 2 
has shown that the axes of co-axial loop sequences lie alon (110 ; E ri d 
in crystals of silver chloride. "These facts taken eds me s 
surface of the crystal photographed here is parallel to a (110) Sas d n : 
thombic loops lie in different (110) planes and that they are um k x 
The angles of the rhombi are 109930/ and E duce nd j 
only two possibilities, A and B, as shown in fig. 3 which sh he di a l 
bution of ions in a (110) plane. The edges of the lozen DOE a isin i 
[111] and [111] or (B) [112] and [113]. The E eS p | 
(110), of a prism having faces parallel to (112) and (112) NER S 
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Fig. 1 (continued) 
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Tm un t and 
in (110), of a prism having faces parallel to TE: an hene n 
P SES A anol a an : , 

long diagonals of A, which are para: - f E : 
Become the long and short diagonals in B. In one field of view, by going 


Fig. 3 


joue p i c 


dE + | RE p 5 ls 
[i19] | ar is ar 202 men 
Sa 
Qa iu ere 


through the whole of the thickness of the crystal, it was possible to observe 
lozenges in five of the six different aspects which would occur if B were the 
correct orientation. Figure 1 (b) shows clearly that this is the correct one: 
the shorter diagonal is parallel to a (110) direction. Thus the straight 
edges of the lozenges are edge dislocations in {111} glide planes. The 
freedom of the sides of the loops to glide along {111} planes is exemplified 
by fig. 1(g). This determination of the glide plane is of particular interest 
since Jones and Mitchell (1958) have observed that prismatic dislocations in 


crystals of silver chloride are always circular (or have circular projections 
normal to the Burgers vector) and show no tendency to develop rectilinear 
segments. 


$4. INTERPRETATION 
4.1 
The conclusion about the glide planes of the rhombic ] 
striking one because edge dislocations with {111} glide planes in the sodium 


chloride structure are configurationally charged. This is most readily 
seen by considering the inserted sheet whicl i 


generate an edge dislocation. Since, in thi 
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the other. The dislocation line consequently carries a charge. Let this 
charge per unit length be c, in the case that the final strip in the inserted 
sheet consists of cations, with a charge o’ per unit length. Adding another 
strip of anions, with charge —o’ per unit length, must produce the same 
situation at the dislocation as reversing the charge of all ions. Hence 
—e-c-—oc' orc=o'/2. This conclusion is not affected by the fact that the 
binding in silver chloride is only partially ionie. The overlapping of the 
silver ions by the electron orbitals of the chlorine ions affects the precise 
distribution of the charge at the dislocation, but not its magnitude as seen 
from a distance. This is a very large charge density, and a simple calcu- 
lation shows that it gives rise to an electrostatic energy of similar magnitude 
to the elastic energy in the crystal due to the dislocation (see below). It 
does not appear possible to find any sufficiently large compensating factor 


Fig. 4 


TERMINAL STRIP OF ANIONS 


for there to be an energetic advantage for the dislocation to assume this 

orientation, unless its configurational charge can be neutralized. In the 

crystals under discussion there is an obvious way in which this neutraliza- 

tion can be effected. If the terminal strip of the inserted sheet consists of 
chlorine ions, and the next strip, of cations, consists alternately of Ag+ and 
Cu**, the dislocation is neutral. This is showninfig.4. This situation is 
elastically favourable because the small doubly charged ions are placed on 
the compressive side of the dislocation. ‘This is shown in fig. 5 which is a 
plot of the ions in the plane of the dislocation loop. To this extent this is a 
normal adsorption of impurity atoms at a dislocation line, but since these 
impurities have an anomalous charge their adsorption w 


i : ould be strongly 
restricted by their mutual repulsion, but for the ability of ; 


the dislocation to 
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assume a configurationally charged orientation. Minimization of the 
electrostatic energy leads to a definite stoichiometric combination of the 


dislocation and the impurity ions, and its formation is made evident by the 
dislocation assuming a configuration which it would otherwise avoid. 


Oe 
Fig. 5 


DSSS EIR 


fa] 
«co ten © =1/V2 
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TERMINAL STRIP! 
OF ANIONS 


E n the case of a dislocation with a Burgers vector (aj: i 
DIC E : E or (@/2)[110] lying i 
: ` n » De : crystal of rock-salt structure the nae MR 
d amt nae e E one zig-zag row) at the level of 
In fig. 4, which is a (111) layer of e ee M d (10) planes. 
location (running vertically along the paper) has be pe a P 
zn r x ofte Mos strip oftheupper layer of silverion is : Ae 
T arge density c' of the terminal anion Stripis — 24/(9 ee 
is the electronic charge and a is the length of an edge E eie 
chloride. The effective charge on the dislocation in t] n Habel of silver 
any divalent ions in the upper row, is therefore o= Ss e Ditou 
length. This is neutralized by the extra charge d eae P ai 
obtained by replacing one [T12] row of monovalent. b eno + v/(2/3)e[a 
asymmetry in this description (since, in fig. 4. the ^ Queens ions. The 
been at the right of the anion termina] stri >) ari ee 
in the choice of the inserted sheet, Only im ae m SE 
ally different from other rows and it can I xcu 
dislocation. 15 on the symmetr 
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4.2 


The comparison, referred to above, between the elastic energy in the 
crystal due to an edge dislocation having a Burgers vector b and the 
electrostatic energy in the dielectric due to a linear distribution of charge, 
c per unit length, on the dislocation is instructive. The two energies are 
given, per unit length, by 

Gb? R Ga? R 


SS lin 


Eelastic=——_— 1n 
Reed 4m(l—v) Tg Sz(l—v) ro 


and 
2 mg 2 
; Gic dcc mE R 
FÉ cYectric =— In == LA n=. 
e 802K T a 
Gis the shear modulus; v, Poisson's ratio; k, the dielectric constant; 
ry, the radius of the core of the dislocation; and R, the upper limit of inte- 
gration in both of the cases. Putting the appropriate values, G = 1-1 x 109 
dyne/cm?, v=0-4, k=12, a— 5:54 å, for silver chloride, and e= 4-8 x KOO 
e.s.u., we have Zeiastic/ electric = 5 (approximately). In other words, the 
electrostatic energy is about 20% of the elastic energy, i.e. substantial, and 
it is necessary to find, as done above, a compensating factor so as to reduce 
it to zero. 
4.3 


For dislocations displaced from the [112] direction by glide in (111) plane 
the divalent ions must be correspondingly displaced in the [110] direction. 
Charge neutrality is preserved so long as their positions projected in the 
direction of the Burgers vector remain the same. For application of the 
same ideas to other systems it should be noted that a corresponding 
stoichiometric adsorption of divalent impurity anions could likewise 
stabilize dislocations in the same orientation, but one interatomic distance 
away. The visible phenomenon would be the same. More generally, any 
aliovalent impurities can produce the effect, e.g. monovalent ions of either 
sign substituting for the divalent ions of the matrix, for example, in 
magnesium oxide, or neutral ions substituting forions. In the present case 
there is no reason to suppose that any impurity other than the cupric ions 
known to be present is responsible. 


§ 5. CONCLUSION 


The explanation given above of the existence of edge dislocations in a 
configurationally charged orientation is based purely on geometry, and to 
that extent seems correct. A number of features regarding the exact 
sequence and kinetics of the adsorption of cupric ions and the precipitation 
of cupric chloride on the dislocations remain to be considered: e.g. the 
simultaneous existence of circular and rhombic loops and of circular and 
rhombic helices, the rounding of the acute corners of some rhombic loops and 
helices (fig. 2), and the existence of a precipitate particle at the centre of most 
rhombic loops. 
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ABSTRACT 


A study has been made of the dependence of etch-pit shape upon oxidizing 
iemperature for oxygen and for nitric oxide. For nitric oxide it has been 
established that, at 873?c, rates of oxidation in «1010» and in «1120» direc- 
tions are comparable since dodecagonal pits are obtained on the {0001} 
surfaces. Below and above this temperature the etch pits are hexagonal, 
being respectively ‘parallel’ and ' perpendicular’ to the twin lamellae 
(sides of pits are in «1010» and «1120» directions respectively). For oxygen 
‘parallel’ and * perpendicular’ pits have also been observed, and the tem- 
perature at which the rates of oxidation in «1010» and in «11205 directions 
are comparable lies beyond 900?c. 


$1. INTRODUCTION 


Ir is well established that when highly purified graphite crystals are 
exposed to oxygen or to carbon dioxide at elevated temperatures the basal 
surfaces are attacked non-uniformly and hexagonal etch pits are produced 
(see, for instance, Hennig and Kanter 1961, Hughes and Thomas 1962, 
Hughes et al. 1962 a, Lang 1962). In another paper Hughes et al. (1962 a) 
have shown that the hexagonal pits produced by oxygen on the {0001} faces 
of stringently outgassed graphite at temperatures less than 870?c are 
always in the so-called ‘ parallel ’ orientation, that is, the sides of the pits 
are in (1010) directions. This result was interpreted as signifying that, 
for the temperature range in question, the carbon atoms exposed at the 
(1017) faces of graphite are more readily detached by oxygen than carbon 
atoms at the (1127) faces. Since the electronic configuration of the carbon 
atoms exposed at the {1017} faces is different from that of the atoms 
exposed at (112/) faces (Coulson 1960), it is most probable that the ener- 
getics of oxidation and other reactions at these two faces are different. If 
this is so, the activation energies for reaction at the two types of faces are 
also likely to be different. Hence it is conceivable that, in another 
region of temperature, the {1120} faces may oxidize more rapidly than the 
(1011) faces, so as to leave ‘ perpendicular pits, the sides of which would 
lie in (1120) directions. -Moreover, at a transition temperature, or over a 
range of transition temperatures—depending on the respective values of 
the energies and entropies of activation—the rates of oxidation at the 
two faces may be comparable, in which case dodecagonal pits would be 
produced, the directions of the sides being, alternately, (1010) and 
(11205. This paper describes an exploratory study of such possibilities. 
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§ 2. EXPERIMENTAL PROCEDURE 

Full details concerning the purification of the Ticonderoga graphite 
crystals, the apparatus, conditions for outgassing and oxidation, micro- 
scope technique and the purity of the oxygen gas have been described 
previously by Hughes and Thomas (1962) and by Hughes et al. (1 962a, b). 
The nitric oxide gas used in this study was proposed from N-nitroso 
diphenylamine and purified according to the procedure described by 
Nelson Smith et al. (1956). 

$3. RESULTS 

The first series of experiments was carried out in the temperature 
range 800 to 1000?c using oxygen as oxidizing gas. The second series 
employed nitric oxide at temperatures between 800 and 900°c. 


3.1. Oxidation by Oxygen 

Figure 1 (a) is a photomicrograph of the basal surface of a graphite 
erystal after oxidation at 800°c for two hours. The etch pits are all 
‘parallel’ to the twin lamellae AA; the sides of the pits are, therefore, 
in (1010) directions, since the twin lamellae are of the form {1121} with 
respect to the matrix. When, however, the oxidation is carred out at 
1000°c (fig 1 (b)) the sides of the etch pits are in (1120) directions, all the 
pits in this instance being ‘perpendicular’ to the twin lamellae. It was 
established that the transition. temperature, where dodecagonal pits 
should be obtained, lies beyond 900?c because, at temperatures lower 
than this, ‘parallel’ pits only were produced. 


3.2. Oxidation by Nitric Oxide 

Nitric oxide, like oxygen, readily produces ‘ parallel" hexagonal pits 
on the basal surfaces at about 800°c (fig. 2 (a). However, as Gal be seen 
from fig. 2 (b), this gas produces “perpendicular ’ pits at temperatures as 
low as 900°c. Moreover, with nitric oxide, it was comparatively easy to 
locate a transition temperature, and fig. 3 (a) shows the expected des 
gonal pits at an oxidizing temperature of 873°c. 

The step CD in fig. 3 (b), since it is * parallel? t 
intersects them at 60°, must consist of {1121} faces. We have P 
observed a step of this type on any outgassed graphite surface hi ee 
been oxidized by oxygen at temperatures lower than 900°c. Ste io Ae 
{1121} faces may be thought of as being produced as a result of ON m 
thin layers of graphite sheets at the crystal edges LM and NO (fi i ae 


o the twin lamellae, or 


$4. Drscussrox 
That dodecagonal and * perpendicular ° hexagonal etch pits have b 
produced confirms (i) the salient features of the interpretation p Pa 
formulated by us to account for the regular occurrence of * al a y 
pits, and (ii) the postulation in § 1 that the spec : eo ereb 


PR n: = ifie oxidatio 
graphite in the (1010) and (1120) directions have different + BS 
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Fig. 2 
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(a) Basal surface of graphite after oxidati 
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(b) ' Perpendicular’ pits produced } QE 

hours. (x125.) ; PY RWG oxi 


on, by nitric oxide, at 812? 
1, by xide, 2*c 
win lamellae. (x 125.) Po 


de at 900?c after two 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


M | Digitized by Arya Samaj Fdürgat®n Chennai and eGangotri 


j j 
|^ 
| 
| 
1 
| 
| 
| 
| 
| 
Í 
| 

- T. 


(b) 
(a) Basal surface after oxidation, by nitric oxide, at 873*6 for two hours 
are dodecagonal. (x 125.) : 
(b) Dodecagonal pits and surface steps on a graphite crystal oxidj 
by nitric oxide at 873°c for two hours. The ste s AB and CD ir: 
posed, resymotinehplialiofiart pun! Kerai eeleren. Feddpas) — 7 


Pits 


A 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


1818 On Variations in Orientations of Etch Pits on Graphite Surfaces 

ng characteristics of graphite in 
oxidizing atmospheres are now seen to be analogous to those of its allo- 
trope, diamond (see Evans and Sauter 1961), and to silicon carbide (see 
Amelinckx et al. 1960) both of which also undergo etch pit reorientation in 
an extended range of oxidation temperatures. 2 

Since the condition which governs the production. of dodecagonal pits 
requires that the oxidation rates in the (1010) and (11 20) directions should 
be comparable, it follows that surface steps running in these directions 
would be favoured to an approximately equal degree at the transition 
temperature. The occurrence of the surface steps observed in fig. 3 (b) 
are, therefore, explicable in these terms. 

This work demonstrates that, with regard to anisotropy in reaction rate 
of graphite crystals (Walker el al. 1959), it is insufficient to distinguish 
between reaction rates along merely the c and a-directions; there is 
anisotropy within the a-directions themselves, that is, within the basal 
planes. 


dependence. Moreover, the etchi 
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The Deformation of Graphite Crystals and the Production 
of the Rhombohedral Form 


By E. J. FRzisET and A. KELLY 
Department of Metallurgy, University of Cambridge 
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ABSTRACT 


Natural graphite single crystals and polycrystals have been deformed at 
room temperature and optical and electron microscope studies of these have 
been coupled with x-ray investigations. The appearance and disappearance 
of x-ray diffraction peaks corresponding to the rhombohedral structure has 
been investigated. After plastic shearing the graphite crystals contain 
many tilt and twist boundaries and are profusely twinned. A mechanism 
is proposed for the production of the rhombohedral form. 


$1. INTRODUCTION 


THE usual structure of graphite is the hexagonal one, first proposed by 
Hull (1917) and confirmed by Bernal (1924) and Hassel and Mark (1924). 
This structure contains four atoms per unit cell and has a stacking 
sequence ABABAB... . From time to time various reports have occurred 
in the literature of lines on x-ray photographs which could not be accounted 
for in terms of this structure (Laidler and Taylor 1940, Lipson and Stokes 
1942, Bacon 1950, Jagodzinski 1949, Boehm and Hofmann 1955, Laves 
and Baskin 1956). However, these lines can be indexed in terms of 
a rhombohedral cell containing two atoms per unit cell. Based on a 
hexagonal cell containing six atoms the stacking sequence becomes 
ABCABC... . The structures can be visualized from fig. 1. During the 
last few years a number of papers have appeared on the dislocation 
structure of graphite observed under the electron microscope (Williamson 
1960, Amelinckx and Delavignette 1960, Delavignette and Amelinckx 
1962) and an investigation of the twins in graphite has also been carried 
out (Freise and Kelly 1961). 

All total dislocations are observed to have Burgers vectors of the type 
a[3 (1120). In addition, these dislocations are observed to split into 
partial dislocations with Burgers vectors of the type a/3 (1100). In a 
graphite crystal, with the layer planes arranged in the hexagonal stacking 
sequence, the associated stacking fault will be a region of crystal arranged 
in the rhombohedral stacking sequence. The stacking-fault energy has 


been measured as 0-51 to 0-58 ergs/em? (Baker et al. 1961, Siems et al. 
1961). 


T Present address: Department of Materials Science, Northwestern Univer- 
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ated the structure of 


With these results in mind we have investig : 
f the occurrence of 


deformed graphite and attempted an explanation o 
rhombohedral graphite. 
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Projection of atom positions onto (0001) plane of graphite for both hexagonal 
ane rhombohedral stacking sequences. Unit cell in basal planes is 
oni uel by axes aj, a, and —a, Burgers vectors of possible dislocation 
types indicated by combination of two Latin letters for a total dislocation 


and a Latin and Greek letter for a ial di i 
[R90]. AscajS Ato es or a partial dislocation. Thus AC=a/3 


$2. ExPERIMENTAL 


The graphite specimens were obtained from two sources: singl 
crystal specimens from the Lead Hill lead mine, Ticonder Ne 7 E 
polycrystalline specimens from Ceylon. The sin le ee d i ee 
were embedded in pyroxene and were freed by diate m 


HF and boiling HCl. The Cey à . 
condition. eylon graphite was used in the as-received 


X-ray investigations were carried o 
the single crystal work and a Siemen 
work. Since the diffractometer w 


E with à rotating crystal camera for 
S X-ray diffractometer for the powder 
ork required removal of the specimen 
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for various annealing treatments, the following procedure was adopted to 
obtain reproducible integrated intensity measurements. Compacted 
solid specimens were prepared by pressing 4$ g of Ceylon graphite powder 
in a steel die under 2500 kg load. The final compact measured 
7mm x7mmx 45mm, from which four X-ray specimens could be 
obtained. These were cut in such a way that when placed on the diffracto- 
meter, the pressing direction was always in the horizontal plane of the 
diffractometer and at an angle 0 to the direct beam for a reflection occurring 
at 20. This was found to give the maximum intensity for the (1017) 
reflections. 

Electron microscope observations were performed with a Siemens 
Elmiskop I electron microscope operating at 100 kv. Single crystal 
specimens were prepared by cleavage. Specimens of polycrystalline 
graphite were obtained directly from the powder used in the x-ray work. 
These were mounted on a carbon supporting film. 

Deformation of single crystals was carried out by compressing parallel 
to the hexagonal axis between platens which were not quite parallel. 
Shear tests cannot be performed on single crystal graphite without a 
load parallel to the hexagonal axis since cleavage always occurs before the 
appearance of any substantial shear (Freise and Kelly 1961). Experi- 
ments were carried out on crystals as received and also after annealing 
at 3000°c in an argon atmosphere in a carbon tube furnace. No difference 
in behaviour was detected. Polycrystals were deformed by filing. 

Annealing of material after deformation was carried out in a vacuum 


furnace up to 1600?c and in the carbon tube furnace, under argon to 
3000?c. 


$3. RESULTS 


No rhombohedral graphite was detected in either the single crystals of 
graphite or in the polycrystalline graphite from Ceylon. This is in 
agreement with the findings of Laves and Baskin (1956) for graphite from 
these sources. 

Natural single crystals show numerous tilts on the basal plane. The 
well-defined tilted regions observed under the optical microscope have a 
{1121} habit plane and are tilted 20° 48’ with respect to the matrix about 
à (1100) direction. These are the twins reported by Palache (1941) and 
Freise and Kelly (1961). In addition, electron microscopy reveals 
thin regions tilted through an angle of ~ 35° about a (1120) direction and 
regions tilted through 40° 12’ about (1100) have been also reported 
(Kirkwood, private communication). 

The twin boundaries and tilts are walls of dislocations with Burgers 
vectors in the basal planes. Shearing a single crystal parallel to the basal 
plane shows the slip plane to be (0001). An example of the slip lines 
formed is shown in fig. 2. Attempts to find the slip direction failed; the 
direction of shear is always parallel to the direction of maximum shear 
stress. There is little doubt from the electron microscope transmission. 
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: ; : | 
studies of similar graphite crystals (Amelinckx and Delavignette ee 
Williamson 1960, Delavignette and Amelinckx 1962) that the slip direction | 
is (1120). Reed e | 
Shear deformation without cleavage can only be obtained provided e 


large compressive stress normal to the basal planes is present. eue 
due to the presence of cracks at the ends of twins terminating within the 
erystal (Freise and Kelly 1961). When small stresses are applied normal 
to the basal plane some tilt boundaries move together and annihilate, | 
proving that these consist of dislocations with Burgers vectors in the basal 
plane. Further application of stress produces large amounts of shear and 
this leads to the formation of numerous tilt boundaries on a fine scale. 


View normal to basal plane surface of sheared. graphite single crystal showing 
extensive slip. (100 x .) f R 


Figure 3 (a) shows a typical dislocation arrangement in an undeformed 
graphite crystal observed under the electron microscope. Individual 
dislocations can be seen. The dislocation density is ~ 108 cm-2 ME j 
3 (b) shows a similar crystal deformed in shear under a compressive load i 
Individual dislocations cannot usually be distinguished after this Decii- 
ment, and numerous Moiré patterns are found, indicating severe twisting 1 
of the structure. Large numbers of tilt boundaries can also be ud 


Very similar electron transmission micrographs were also obtained from 


filings of Ceylon graphite. The areas suitable for microscopy were much | 
"i 
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Fig. 3 


(a) Dislocation arrangement in an undefor raphi i 
on arrang ormed graphite single crystal 
Graphite single crystal after severe shear deformation. Notice ae 


individual dislocations are no longer disti i 
i g inguishable and that speci 
now contains numerous tilt boundaries. ~ à Ai poumon 
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smaller than in the case of the single crystals but those areas transparent 
to electrons showed the same features as the deformed single crystals. 

X-ray lattice parameter measurements were made on filed single 
crystals and on filed Ceylon graphite. The results are given in table 1. 
The similarity of the c-spacings indicates that the materials are of com- 
parable perfection. X-ray Laue transmission photographs and rotating 
crystal photographs were taken before and after deformation by shear. 
Figure 4 (a) and (b) shows a typical result. Severe distortion and bending 
of the lattice have occurred. Large misorientations have been produced, 
as can be seen by the appearance of the {0002} reflections on fig. 4 (b). 


Table 1 
Specimen a (A) c[2 (A) Temp. (°c) 
Ticonderoga 2-459 + 0-001 3:354 + 0-001 18:34 0:5 
Ceylon 2-463 + 0-001 3:351 + 0-001 19:2 + 0-5 


No marked change on x-ray photographs could be detected on annealing 
sheared crystals for one hour at 3000°c. Electron microscope observa- 
tions after annealing at this temperature showed some resolution of the 
structure but only in isolated regions of the foils. The majority of the 
areas examined appeared quite similar to those obtained from sheared 
specimens. In the regions where dislocations could be seen the dislocation 
density, 10°-10!°cm=2, was higher than the average for undeformed 
foils. 

Attempts were made to detect the rhombohedral modification of 
graphite after shear deformation of single crystals by means of x-ray 
rotating crystal photographs. No rhombohedral spots were detected. 
Laves and Baskin (1956) obtained rhombohedral reflections from sheared 
single crystals but only after these had received a shear deformation which 
was an order of magnitude larger than the deformation obtained in the 
present investigation. In this investigation, powder photographs of 
filings from the single crystals indicated that a large fraction of rhombo- 
hedral modification was present. The equivalent shear deformation is 
then very likely equal to or greater than that obtained by Laves and 
Baskin. 

In order to make quantitative measurements on the annealing behaviour 
of the rhombohedral modification, polyerystalline Ceylon graphite was 
used. The integrated intensities of the two strongest rhombohedral 
and neighbouring hexagonal reflections were measured with CoK 
radiation. i 

After determining the pattern from cold-worked materi 


: al, the speci- 
mens were removed and either annealed 


at a fixed temperature for an 
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increasing period of time or annealed at various temperatures for a o 
time of one hour with the x-ray pattern being repeated after each treat- 
ment. Typical results are shown in fig. 5. 


ANNEALED 3000 C 


ANNEALED-2400 C 


ANNEALED -1800 C 


ANNEALED-1430 © 


ANNEALED-8I2 € 


COLD WORKED 


zee ah EA 
26 DEGREES ” 59 49 38 


X-ray diffractometer traces showing rhombohedral reflections in cold-worked 


Ceylon graphite and gradual disappearance with i ; 3 
. temperature. All specimens E i Mee Increasing annealing 
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To resolve the hexagonal and rhombohedral reflections a graphical 
method was used. For a series of patterns obtained after increasing 
annealing temperatures the pattern obtained after annealing at 3000?c 
was used as a standard, since no rhombohedral reflections were observed. 
This pattern was used to fix the background and the shapes of the (1010) 
and (1011) hexagonal reflections, assuming the former to be symmetrical. 
Patterns for lower annealing temperatures were then superimposed and 
the tails of the (1010) and (1011) reflections traced in. The intensity 
remaining between the (1010) and (1011) reflections was attributed to the 
(100) rhombohedral reflection and that on the high angle side of the 
(1011) reflection attributed to the (110) rhombohedral reflection. These 
reflections have indices (1012) and (1014) in terms of the hexagonal cell. 
The same procedure was used for fixed annealing temperatures, using the 
pattern from a specimen annealed for the longest time as a standard. 

The volume fraction of rhombohedral graphite was found by comparing 
the ratios of the integrated intensities for the hexagonal and adjacent 
rhombohedral reflections, taking account of differences in structure factor, 
scattering angle, etc. The temperature factor and absorption factor were 
assumed constant for all four reflections. The volume fraction of 
rhombohedral graphite found in the as-filed powder amounted to ~ 20%, 
which is in agreement with the results of Boehm and Hoffmann (1955) for 
ground Ceylon graphite. That the graphical method used was reliable 
was ascertained by comparing the calculated and observed ratios of the 
integrated intensities of the two hexagonal and the two rhombohedral 
reflections. These results are shown in table 2. 


Table 2 
I Ratio 

Reflection Jeaic. ona 

(c.p.m.) Calc Obs 
1010 (hex.) 352 1263 non. 
10Il (hex.) 1825 6770 Tum cm Ee 
(100) (rhomb.) 318 1172 T100) 1-23 1:97 
(110) (rhomb.) 259 923 Tus z a 
ese Dae 5-0 4 erence (| 


The ratio of the integrated intensity of an annealed specimen to the 
integrated intensity of the cold worked specimen for a (100) rhombohedral- 
ieo is given in fig. 6 (a) for a constant annealing temperature of 
1200?c. Salles results were found for a 1000°c anneal. Figure 6 (b) 
presents the variation in the ratio of the integrated intensities as a function 
of annealing temperature for successive anneals of } hour. Since the 
integrated intensity of the rhombohedral silet decrease with 
increasing annealing temperature, whilst the intensity of the hexagonal 
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reflection increase slightly, the volume fraction of rhombohedral graphite 
will decrease in a manner similar to the decrease in integrated intensity 
ratio shown in fig. 6 (b). 

The measured breadths were corrected for geometrical broadening by 
using a gold standard to obtain the pure diffraction broadening (Klug 
and Alexander 1954). The thickness of the rhombohedral domains in the 
cold-worked specimens was determined from the integral breadths of the 
(100) and (110) rhombohedral reflections, using the formula given by 
Bacon (1958). The values indicated that rhombohedral stacking extended 
over approximately ten layer planes, directly after deformation. Measure- 
ments of the integral breadth become more difficult with increased an- 
nealing temperature. However, the data indicate a decreasing thickness 
of rhombohedrally stacked regions with increased annealing temperature 
as well as a decreasing volume fraction of rhombohedral graphite. 


$4. DISCUSSION 


The only mode of deformation of graphite single crystals at room 
temperature is by the motion of dislocations in the basal plane. These 
produce twins and ill-defined tilt boundaries. The presence of twins prior 
to intentional plastic deformation prevents any extensive glide in the basal 
plane unless a compressive stress is applied along the hexagonal axis. ‘This 
is due to cracks at the end of twins terminating within the crystal (Freise 
and Kelly 1961). Although some change of microstructure is produced 
on annealing after cold-work, this has not proceeded far after some hours 
annealing at 3000°c. 

The normal crystal structure of graphite is hexagonal. Some natural 
crystals contain rhombohedral graphite (Laves and Baskin 1956). In 
those which do not, the rhombohedral modification is produced only 
when the hexagonal structure is subjected to very severeshear. Annealing 
after shear eliminates some or all of the rhombohedral modification, 
depending on the annealing temperature as shown in fig. 6(b). The 
annealing behaviour is independent of time at a given temperature. These 
results agree with some data of Matuyama (1956) and indicate that the 
disappearance of the rhombohedral modification is not an activated process. 

Jagodzinski (1949) has proposed that the rhombohedral form is the 
stable form of graphite at low temperatures and that mechanical de- 
formation is necessary to produce the phase transformation. That this is 
not the case is shown by the electron microscope observations reported 
here and the numerous results of Amelinckx and co-workers. In hexa- 
gonal graphite the stacking-fault energy is always found to be positive at 
room temperature, showing that hexagonal graphite is the stable form. 

Laves and Baskin (1956) showed that the rhombohedral form of 
graphite can be produced by shear. The present results completely con- 
firm this. Since the dislocations observed in graphite crystals are always 
split into widely separated partial dislocations and the associated stacking 
fault corresponds to a region of the crystal with the stacking sequence 
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ABABCACAC... , ie. to four layers stacked in the rhombohedral 
sequence, it seems natural to seek an explanation of the occurrence of 
rhombohedral reflections in terms of an array of dislocations. 

However, it should be noted that randomly arranged isolated stacking 
faults will not give rise to rhombohedral reflections, only broadening of 
the existing hexagonal reflections (Warren 1959). The only regular 
arrangement of stacking faults that will give rise to the rhombohedral 
reflections is one stacking fault on every other plane. Any other arrange- 
ment, e.g. one stacking fault on every sixth plane, must give rise to extra 
reflections besides the rhombohedral and these are not experimentally 
observed. To account for the experimentally observed x-ray line 
broadening there must be one stacking fault on every other plane over a 
distance of ten layer planes. 

"The total dislocations in graphite lying on the basal planes are always 
split into widely separated partial dislocations. The average separation 
of these partials is between 1000 A and 2000 å (Baker et al., Siems et al.). 
Due to this large separation a dislocation density of 10!?cm-? will 
produce stacking fault over half the area of every layer plane. A larger 
dislocation density does not lead to an increase in the proportion of stacking 
fault over a single layer plane. To obtain the correct sequence of stacking 

Fig. 7 
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Fig. 7 (continued) 
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(a) Schematic drawing of twin-matrix boundary for a twin corresponding toa 
rotation of 20° 48’ about a [1100] direction. The stacking sequence in 
matrix and twin is shown. The dislocation lines run parallel to [1 100] 
and, as can be seen from fig. 1, are part screw and part edge. The 
Screw components are of opposite sign. (b) If the boundary shown in 
fig. 7 (a) dissociates so that those dislocations with Burgers vectors aC 
and Aw move in opposite directions rhombohedral stacking is produced 
between them. If at the walls the dislocations lie in the edge orientation 


the two walls will be at 60° to one another and the tilt angle at each will 
be 12°, 


corresponding to layers of rhombohedral graphite ten layer planes thick 
we must multiply the probability of a stacking fault occurring on one 
plane by the probability of its being missing on the next. The chance of 
producing ten planes in the correct sequence is then 1/21? or only 0-19/. 
Thus, a random array of dislocations cannot account simultaneously for 
the size and amount of rhombohedral graphite which is found experi- 
mentally. It is concluded that some ordered arrangement of dislocations 
occurs during deformation. 

These experiments have shown that many 
are introduced into graphite by 
produced. ‘The rhombohedral 


tilt and twist boundaries 
shearing and a larger number of twins are 
form can be removed by annealing before 
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there is any evidence of climb of dislocations. The rhombohedral forms 
must therefore be produced and removed by dislocation motion in the 
basal plane. : 

The most common twin produced in graphite is a region tilted from the 
matrix by 20° 48’ about a (1100) direction. The matrix-twin interface 
can be described in terms of partial dislocations; there being one partial 
on each successive plane. A matrix-twin boundary is shown schematic- 
ally in fig. 7 (a). This is the lowest energy form of the interface and there 
is some direct evidence for its being the actual one (Delavignette and 
Amelinckx 1962). Freise (1962) considered the possibility of twin 
intersections leading to the production of rhombohedral graphite. Two 
twins with axes of tilt at 120° to one another intersect so as to produce a 
layer of rhombohedrally stacked material of width equal to the separation 
of partial dislocations in an extended dislocation and of thickness equal 
to that of the twins. Only one-third of the twin intersections will produce 
rhombohedral graphite and since this occurs only over the region of 
intersection, the observed volume fraction of rhombohedral graphite can- 
not be accounted for in this way. 

Under stress, however, a twin boundary can dissociate and produce 
large volumes of rhombohedrally stacked material. Thus, consider a 
twin boundary with a (1121) habit plane. The Burgers vectors of the 
dislocations of which this boundary is composed will be alternately 
a/3 [1010] and a/3 [0110], corresponding to A« and «C respectively in 
figs. Land 7. The dislocation lines run parallel to[1100]. It is clear that 
a shear stress on the basal plane in the direction [1100], i.e. parallel to the 

boundary, will tend to force such dislocations apart, since it produces 
forces of. opposite sign on the serew components. Using the formulae and 
the elastic constants derived by Spence (1961, 1962) the stress required to 
UE two dislocations with Burgers vectors Ag and «C, lying initially 
parallel and vertically above one another on adjacent basal planes in 
graphite, ds less than 1010 dynes cm~? or ~ 100 kg/mm?, 
could easily arise during filing. The process envisaged is 
7 (a) and (b). The original boundary corresponds to a tilt of 20° 48/ 
[1100]. When the two types of partial become Separated, as in fig. 7 (b) 
each boundary will consist of a singl i 
ponding to a tilt of 10° 24" about [1100] but these will 


Such stresses 


partial dislocation lies in the edge orientation. 


partial dislocation boundary will then be 12° 
separate rhombohedrally and hexagonally S 


es are 
model. 
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The disappearance of the rhombohedral reflections does not depend 
on annealing time, but only on annealing temperature. The disappear- 
ance of regions with the rhombohedral stacking sequence can occur by 
dislocation glide, and the glide of only one or two dislocations through a 
region of rhombohedral stacking will reduce the effective size of this 
region to such a value that no x-ray reflections can be detected. 
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ABSTRACT 


The resistivity and thermo-power of liquid gallium and mercury have been 
measured as functions of temperature at constant volume up to approximately 
160?c. "The resistivities are in reasonable agreement with those estimated 
from Bridgman’s pressure coefficients. For mercury the thermo-power 
parameter £ at constant volume is independent of temperature in contrast to 
that at constant pressure. For gallium no difference could be distinguished 
between the two cases. It is deduced that in mercury the pseudo-potential 


by which the ions scatter electrons is strongly dependent on the electron 
momentum, whereas in gallium this is not so. 


—————— 


$1. INTRODUCTION 
PREVIOUS measurements h 


ave shown that mercury has an anomalously 
large thermo-power. 


The dimensionless parameter £ is about 4 at room 
temperature, whereas in comparable liquid metals it is about 1. In a 
recent theory of electron transport in liquid metals Ziman has shown that 
€ should not exceed 3. It was suggested by Bradley et al. (1962) that this 
anomaly was due to the ions having a pseudo-potential by which the elec- 
trons are scattered, which is a strong function of the electron momentum. 
This suggestion correlates well with the unusually rapid dependence of 
resistivity on volume in mercury (the electron momentum at the Fermi- 
surface kp being a function of volume) and hence the temperature coeffi- 
cient of resistivity which is much greater than that shown by the other 
metalsin group IIB. Although there isno reason why the pseudo-potential 
should not depend on the electron momentum it would be surprising to 
find that this appears to any marked degree only in mercury. It is 
interesting to note that lead which is very close to mercury in the 
periodic table has a thermo-power which is also anomalous, although 
to a much smaller extent. 

Bradley (1962) has shown that é for mercury 
under constant pressure to about 6 at 200°c, A slight temperature depen- 
dence for £ is found in several other liquid metals but to a much smaller 
degree than in mercury. If the above explanation of the anomalously 
large thermo-power is correct then any temperature dependence of & 
must be due to changes as the liquid metal expands on heating. It was 


increases with temperature 


5K2 
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decided to repeat the measurements of thermo-power m mercy ase 
function of temperature but at constant volume instead of constant pi e 
Any temperature dependence of £ would be expected to disappear in : 
case and the results which are given below show that this is indeed x ha 
happens. This explanation serves to show that the Boomers ther n 
power is a peculiar aspect of the mercury ion rather than any pun; ence tha 
Ziman's theory which is based on the Born approximation 1s not applicable 
to metals like mercury with very short electronic mean free paths. Sat 
Similar measurements at constant volume have been made on liquid 
gallium. The thermo-power is much smaller and more difficult to measure 
accurately and there is some dispute about the values at lower temperatures 
(Bradley 1962, Cusack et al. 1962). It would appear that £ is about 0-6 
and there is little evidence of any temperature dependence between 150 
and 750?c. Since there seems no reason to suppose that the pseudo- 
potential is a function of kp in this metal little or no difference between the 
results at constant volume and constant pressure is therefore expected. 
The qualitative distinction between gallium and mercury suggests that 
experiments on the above lines are useful in deciding the dependence or 
otherwise of the pseudo-potential on electron momentum. It must be 
remembered however that any theory of scattering in liquid metals 
involves the appropriate atomic radial distribution function which might 
change in a complicated manner under different conditions of temperature 
and pressure. The effect of this is uncertain and there is insufficient 
information available about the quantitative values of the distribution 
function to be more explicit. 
‘The paper includes data for the variation of resistivity with temperature 
at constant volume which agree with figures obtained from Bridgman’s 
(1921) pressure coefficients. The agreement is considerable evidence that 


constant volume conditions were achieved in the apparatus used for these 
experiments. 


| 


$2. EXPERIMENTAL DETAILS 


The mercury or gallium was contained in a small quartz tube 
long and about 1mm internal diameter. 
denum were introduced at each end through twin bore ceramic Ludos cul 
were sealed in with a special Araldite mixture which was resistant t hiet 
temperature and pressures. The ceramic was chosen to be as cl S em 
inside the quartz tube as possible, so that there was a minimum qu 8 
and hence of force on the Araldite by the liquid metal We 0. compact 

The main difficulty was in exerting an hydrostatic pressure ce 
quartz tube in order to prevent it breaking, due to expansion EE wine 
metal when the latter was heated to approximately 200° Tu E liquid 
needed were up to about 8000 atmospheres. These were NE E E 


piston and cylinder device which was a, simplified versi : 

by Boyd and England (1958). 'The quartz tube En P pened 

Araldite inside a pyrophyllite cell which was constructed to alb > ie 
our 


2-5 cm 
Leads of tungsten and molyb- 
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leads to pass out via two twin bore tubes at one end. A nichrome strip 
heater was wound on this and a further pyrophyllite cylinder surrounded 
the inner assembly (fig. 1.) The tungsten and molybdenum wires passed 
through a base plate and were taken outside to measuring circuits. The 
heater current was supplied via contacts on the piston and base plate, a 
mica disc being used to prevent a short circuit. Pressure was supplied 
by means of a 30 ton hydraulic press. In the course of the experiments the 
pressure inside the cell was estimated for a given temperature from known 
expansion and compressibility data and the appropriate load was applied 
to balance this. The accuracy was approximately + 100 atmospheres. 


Fig. 1 


pese !/ = 
Araldite é 


| 


| 


| 


p 


Twin bore 
ceramic tube 


X 
2 


Pressure cell. 


The two sets of molybdenum and tungsten wires were connected to copper 
wires at junctions immersed in a distilled water-ice mixture, and hence to a 
potentiometer network with the usual reversing switches. The technique 
for obtaining values of absolute thermo-power from this arrangement has 
been described in detail by Bradley (1962). The temperature was recorded 
as a mean between the values for each end of the cell. 

The mercury used in the experiments was of triple distilled purity and 
the gallium was spectroscopically pure. 

The accuracy was limited to some extent by the calibrations of the 
molybdenum-tungsten thermocouple and by the determination of the 
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absolute thermo-power of tungsten. The latter was found by Sane 
with spectroscopically pure copper whose absolute thermopower 1s know n. 
For mercury the accuracy was about + 0-2 pv/deg. and for gallium 
+ 0-1 pv/deg. : 
“Th ie to thermo-power the resistivity was measured as a nanon 
of temperature at constant volume by a simple modification of the DOlSnuor 
meter circuit, the tungsten and molybdenum wires acting as current and 
voltage probes respectively. A current of about 100ma was necessary to 
produce a suitable potential drop for measurement. 


§ 3. RESULTS 

The results for any one cell were limited in reliability due to the fact 
that the temperature difference between the ends of the tube could not be 
varied independently of the overall temperature. In most cases it was 
about 5-6°c. Experiments were carried out with a number of cells, how- 
ever, the heater windings being spaced differently for each, and the results 
obtained were consistent within the spread shown in figs. 2 and 3. 

In addition to the experiments at constant volume a number of results 
were obtained with cells which were not completely filled with liquid metal 
and which therefore allowed the latter to expand under approximately 
constant pressure conditions. The results thus obtained for mercury and 
gallium are in agreement within experimental error with those previously 
obtained by Bradley (1962) which was a good check that the calibrations 
were reasonably accurate. 

In the case of gallium there is a slight discrepancy between these thermo- 
power values under constant pressure conditions and those obtained by 
Cusack et al. (1962). This discrepancy appears to be real in view of the 
confirmation by the present results of those obtained b 


L pres y Bradley (1962). 
A possible explanation is that the Specimens of copper, chosen by both 
experimenters as a standard for absol 


ute measurements, differed in thermo- 

power by 0:2 nv°c-1, 
The resistivities at constant volume 
was about +1%. It was realized th 


only approximately at constant v 
These were 


are shown in fig. 3. The accuracy 
at the experiments may have been 
olume because of a number of factors. 


(i) The thermal expansion of the quartz. This was pr = 
since itis at least an order of magnitude smaller eprobebly negligible 


than for mercury or gallium. 
(ii) Expansion or contraction of 


the quartz tube under pressur 
The pressures outside the tube were adjusted Chips We 
to eliminate the effect of this. y in order 


(iii) Expansion and compression of the Araldite, T i à 
an absolute minimum of Araldite was used. : "Rorder to reduce this 


(iv) The possibility of residual volume after fillin t 
liquid metal and then sealing in the ceramic Mi mo D 
S. 
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Great care was exercised to eliminate this, but it is possible that the results 
up to 40°c may not have been truly at constant volume. The residual 


3 volume effect would be expected to vary from cell to cell, however, and the 
| fact that the spread in the results is fairly small is evidence that it was not 
1 too serious. 
4 Fig. 2 
12 
b : Mercury 
Io 
9 
s} 


N wù h Uu o - 


Oo 50 100 150 200°C 


Gallium 


Thermo- electric power -ve BV/o 


ma one se 


o 


---—9- 9-749 - o 
mappe TT AMT Qi) 
x 


o 50 100 150 200°C 
~~ - Temperature 


Thermo-power versus temperature. 


O Constant pressure 
X Constant volume 
— —— Cusack et al. 1962. 

A Bradley 1962. 


} present experiments. 


An independent check as to whether constant volume conditions were 
obtained is provided by the resistivity results. It is possible to obtain 
values from Bridgman’s pressure coefficients and compressibilities (Bett 
et al. 1954), using the equation: 


(ar) =: (2 _ &V (ap 
PNOT/, — pXOT ear). P 
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Such a calculation gives the 


1540 


where « is the thermal expansion coefficient. 
dotted curves in the graphs. For gallium there is good agreement. In the 


case of mercury there is some deviation between the two curves about 
100°c, but in this region the dotted curve depends upon an extrapolation of 
Bridgman’s data which is far from reliable. Below 100°c the agreement 
is satisfactory. Gubar and Kikoin (1945) report 1/p(dp/@7'), equal to 
—0-5x 10-4 °k- at 20°c, which fits well with both curves at this 


temperature. 


Mercury 


1-16 Gallium 


o 
100 
150 
> Temperature 200°C 


Resistivity versus temperature 


(a) At constant pressure (Liquid 1 3 
1962, unpublishe rie iquid Metals Handbook 1955 and Bradley 


(b) At constant volume, present i 
--- Bridgman 1921. B experiments, 
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A source of error in the thermo-power results could be the effect of 
pressure on thermocouple junctions (see Bundy 1960). The cell was so 
constructed as to ensure that approximately the same pressure was 
applied to each set of wires (assuming reasonably hydrostatic conditions 
in the pyrophyllite). It was verified that there was no noticeable 
effect on the thermo-power results when the pressure on the wires outside 
the quartz tube was varied by 200 atmospheres. The temperature 
measurements could be wrong by say 3° because the calibrations were 
under atmospheric pressure conditions, but in view of the overall spread 
of the experimental results this error is scarcely significant. 


$4. DISCUSSION 
The resistivity of a liquid polyvalent metal is given in Ziman's theory by 


oh Ih 
P7 e vp? 


ase 
- y COO Pado), Ope rend N29) 


where a(K) is the radial distribution function and the thermo-power 
parameter € by: 
alne (£) r ; 
—-—é6,[—— z3gcoge eer. (3 
: o( ie ra T (3) 
where 


q= |Z (2k) Pa( ky) 
(U(E) PaK)» 


(for further details of notation see Bradley et al.). 

For most polyvalent liquid metals q is about unity and except for mercury 
r appears to be practically zero. The results for mercury in fig. 4 show that 
£, measured at constant volume, is independent of temperature. Hence 


and r= ky (ESO a(K)) / (gr) Pa KX) > 


Fig. 4 


—— 


$ 
— Nw Aà any @ 


o9 


50 100 150 200°C 
——> Temperature 


Thermo-power parameter £ versus temperature for mercury. 


(a) Constant pressure. 
(b) Constant volume. 
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the variation with temperature at constant pressure must be due largely 
to r changing with volume, since q is expected to be approximately tempera- 
ture independent. For gallium there may be a small difference in € when 
measured at constant volume or at constant pressure but this is lost in the 
overallexperimental accuracy of + 0-1. The difference between the present 
results and those of Cusack et al. may not be real but in any case a slight 
temperature dependence could be explained in terms of changes in a(2/,) 
as the metal is heated. 

The most important deduction to be made from the thermo-power 
results is that in mereury the pseudo-potential is strongly dependent on the 
electron momentum whereas in gallium this is not so. 

The interpretation of resistivity at constant volume and constant 
pressure depends largely on an adequate knowledge of a(K) under different 
conditions of temperature and pressure and until this is available there is 
little point in making quantitative deductions from these measurements. 
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ABSTRACT 


The Petch equation (o= a 4- &L-1/*) is applied rather widely in investigations 
of the sources of the variation of yield stress c with grain diameter l in 
polycrystalline metals. In general, however, the behaviour of randomly 
oriented aggregates has been considered, so that o, and k are regarded as 
constant for a particular material. A preferred orientation of the crystals can 
influence both c, and k by altering the relationship between the applied stress 
and the shear stresses developed on active slip planes. Because k is affected 
by local orientation effects, it can change independently of o, if there is an 
alteration in the orientation relationships of adjacent grains. "These effects 
of orientation will be particularly important in non-cubic metals, due to the 
small number of their slip systems. In magnesium extrusions considerable 
variations in og and k were obtained by changing the direction of the 


applied stress relative to the extrusion axis and by changing the character of 
the preferred orientation. 


$1. INTRODUCTION 


Forrnowrwe the observation that the yield and flow strengths of many 
polycrystalline metals obey the Petch relationship, Armstrong et al. (1962) 


have suggested that the limiting shear stress in an operating slip band in 
such a metal will be given by : 


aI en og iocis (1) 
where 1 is the grain diameter, It; a constant for the particular material and 
7, is the stress the slip band could sustain if there were no resistance to 
slip across the grain boundaries. Since the relationship of 7 to the applied 
stress depends on the orientation of the slip plane and direction relative to 
the direction of the stress, the tensile flow stress of the aggregate will be : 


g — m(rg + ksl=12), mu e o9) 


where m is an orientation factor representing the combined effects of the 
relationships, between the directions of slip and the applied stress, for all 
the active slip systems. 

The term ksl-1/? represents a limiting grain boundary resist 
is reached when slip is induced across the boundary. 
grain size can be explained if the length of the slip band 


ance which 
The influence of 


is proportional to 


T Now at the British Iron and Steel Research Association, Sheffield. 
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ance r from the end of the 


phat str ‘ation at a short dist : 
l, so that the stress concentration at as ETUR 


slip band is proportional to (//4r)!/? (Eshelby et al. 1951). Moe 
shear stress ahead of a blocked slip band is developed in the plar em 
band. If this maximum shear stress has to reach a value Tmax to Oper? 
a new dislocation source at a distance r, it follows that ; 
kg— 2Tmaxt?. E (3) 
Armstrong et al. pointed out that, just as there is an eri x 
on a macroscopic scale in developing the critical shear stress wi Vien x 
various grains of an aggregate, so there is a local orientation D MET 
operating a dislocation source ahead of a blocked slip band. he 5 P 
shear stress re required to operate the new source must be generated in o 
slip plane of the source. For simplicity they took, for the average case : 
Fae! i2 es E E E) 
using Taylor's (1938) value for the orientation factors in both eqns. (2) 
and (4). "With these assumptions it follows from (2) and (3) that, if the 
observed tensile flow stress obeys the relationship o —o -- kl!/?, then: 
k=m* rer ?, iie ur c M 15) 


In random aggregates » will be determined by the number of slip systems, 
Te by the strength of dislocation locking and the shear modulus and r by 
the dislocation arrangement when unlocking is involved. Armstrong et al. 
showed that the principal differences in the effects of grain size on flow 
stress, in metals of differing crystal structure and purity, can be explained 
in terms of eqn. (5). 


$2. THE EFFECTS OF PREFERRED ORIENTATION 

In more detailed comparisons, it is clear that the values of m can be 
influenced by a preferred orientation of the crystals. Moreover the 
orientation factors in eqns. (2) and (4) will not in general be the same, 
because the former represents the macroscopic effects of slip plane 
orientation, relative to the axis of stress, and the latter is concerned with the 
orientation relationship of adjacent grains. The two orientation factors 
can be separated by writing : 


+ 
o= m To 
and 


km m"), 


In principle, if a fibre texture and a sheet texture of comparable 
intensities are developed in a partieular metal, for example by recrystalli- 
zation after similar reductions in wire drawing and rolling, they might give 
similar values of m’ but distinctly different values of m^, due to the addi- 
tional restrietion on the range of orientations present in the Sheet. Since 
many experimental investigations of the effects of grain size on strength 
use sheet and rods having differing degrees and types of preferred orien- 


tations, it is important to consider the possible significance of this factor 
in Petch analyses. 
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In cubic metals the effects of crystal orientation are limited by the 
large number of slip systems available. In the absence of dislocation 
locking kis small and, although preferred orientation may affect strength 
significantly through its influence on o, (Ll. Richards 1955, Roberts 1962), 
the influence of possible variations in m" on yield strength will be unimpor- 
tant. Thisisnot necessarily true when dislocation locking is strong enough 
to give large values of k. Ball’s (1959) observations on «-iron may provide 
an example of the effects of extreme variations in m" when re is large. 
He obtained an average value of k for sub-boundaries in polygonized 
iron which was about half of that for high angle boundaries. 

The orientation effects are expected to be much more important in 
non-cubie metals which can develop large values of k in the absence of 
strong dislocation locking, due to the limited number of slip systems. 


$3. EXPERIMENTAL OBSERVATIONS 

A suitable starting material for the exploration of the effects of a wide 
range of grain sizes in a hexagonal metal was made by extruding magnesium 
in the temperature range 100 to 150°c. Using an extrusion ratio of about 
54:1, this gave a very fine and rather uniform grain size (Chapman and 
Wilson 1962). Larger grain sizes were produced from the fine-grained 
material by grain growth at a series of temperatures up to 500°c. On the 
evidence of x-ray examinations, such grain growth in magnesium is 
not accompanied by any marked change in the overall distribution of 
orientations. 

Tensile specimens, taken parallel with the extrusion axis from 3 in. 
diameter rods which had been prepared in this way, showed a variation 
of yield strength with grain size (curve A in figs. 1 and 2) which was 
distinctly different from the observed by Hauser et al. (1956). k was only 
about 0-6 of that obtained in the earlier investigation, while c was several 
times greater. It is unlikely that these changes will arise simultaneously 
as a result of a difference in purity, but they are of the kind expected to 
result from a difference in the orientation factors. In the extrusion of 
magnesium the basal slip planes are rotated towards positions in which 
their angle to the extrusion direction is small (fig. 3): thus, for tests with 
the applied stress parallel with the extrusion axis, m^ would be expected 
to increase, and probably m^ to decrease, with an increasing intensity of 
preferred orientation. 

A series of lin. diameter bars were extruded (ratio 7-5 to 1) using the 
same material, but with minimum extrusion temperature of 150°c and a 
minimum annealing temperature of 200°c. This limited the range of 
grain sizes which could be examined, but lower temperatures gave irregu- 
lar grain structures. The fibre texture in these 1 in. diameter extrusions 
was similar to, but rather less strong than, that developed in the $in. 
diameter bars. (The pole figure for a 1 in. diameter extrusion was similar 
to that shown in fig. 3(a) but the areas of the >4 times random were 
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discontinuous.) Curve B in fig. 1 shows the yield strengths of specimens 
taken from the lin. diameter bars parallel with the extrusion € 
Compared with results for the &in. diameter bars (curve A), ey Was reduced 
and k possibly increased slightly. 


Fig. 1 


_ 
uw 


(1000 psi) 


STRESS 


10 


+k, = 
i ae 2 


The relationship between grain diameter and yield (0-05% proof) stress for 
amealed magnesium extrusions, measured at room temperature 
Curve A, $ in. diameter extrusions tested with tensile axis parallel with 
the extrusion direction (from fig. 2, curve A). Curve B, lin. diameter 
extrusions tested with tensile axis parallel with the extrusion direction 
Curve C, 1 in. diameter extrusions tested with tensile axis at 359? ti the 
transverse direction. e 


From the lin. diameter bars small tensile test 
transversely to the extrusion direction. 


respect to the direction of applied stress 
Equation (2) implies that, in this case, the change in k should be propor- 
tional to the change in oy. Test-pieces were machined with the pars 

e direction in the extrusion, since the 
uld bring a large proportion of the basal 


axis at about 35° to the transvers 
pole figure suggested that this wo 
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The relationship between grain diameter and yield (0:05% proof) stress for 
annealed magnesium extrusions, measured with the tensile axis parallel 
with the extrusion direction. Curves A and B, 4 in. diameter extrusions 
tested, A at 290^k and B at 78°x. Curves C and D, flat bar extrusions 
(0-95 x 0-14 in. cross section) tested, C at 290?k and D at 78?k. 


Fig. 3 


(a) (b) 

(0002) pole figures for, (a) 8 in. diameter bar extruded at 12596. (b) Flat bar 
ee Bos section) extruded at 125°c. The intensities are in 
multiples of the intensity given by a random sam le. ED, extrusi 
direction. TD, transverse direction. R m 
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. 1 Y 
Comparing curves B and C 


planes into orientations favourable for slip. 
i ad the 


in fig. 1, it will be seen that this change in the direction of extension h c 
expected effect of reducing both ey and k, although the proportional 
reduction in / was not as large as that incy. In flow stress measurements 
made at larger plastic strains, the differences in k appeared to be still less. 
The restricted range of uniform grain sizes that could be developed limited 
the accuracy with which the £ values could be determined in this case. 


Fig. 4 


(i) (i) (iii 
An etched section of an annealed, flat bar extrusion of maenesi i : 
de a i g son oi magnesium viewed under 
I s (set vertically and horizontally with respect to the 
photographs). The plane of the section contained the extrusion direction 


(E.D.) and the short transverse direction. 3i area iewed i 

three different settings (x 100). (i) E.D. p 18° from As p 
zontal position. (ii) E.D. horizontal. (iii) E.D. — 18° from the horizont: i 
In setting (i) grains having orientations close to the upper intensity : ak 
in fig. 3(b) would be near the extinction position and those dts the 


lower peak would reflect 7 MP sos HS 
ER 3 Sc strongly In Setting (iii) these conditions are 


T . . 
he grain EVA limi av i S y Vol 3 d 

L £ ons Ww i e i i t 

[ [ni tat as a oided by using th 8 1n. lameter 


extrusions, but the direction of testing was then confined to the direction 


ofextrusion. However, by changing from a circular to a flat rectangular 


cross section, the kind of preferred orientation present in the extrusion 
could be altered (fig. 3b). Keeping the extrusion tatio constant, th 
change from a fibre to a ' sheet-type’ texture was expected mainly is 


: T : : : 

influence m^, and hence k, by imposing a further restriction on ther 

of orientations present. The rectangular cross section ch e range 
n chosen was 


0:95 by 0-14in., giving an extrusi i 
y 0:14.in. xtrusion ra : : 
inedite ox IS UE no Of about 49:1 As with the 
ŝin. eter, extrusion was carried out at 100 to 150°c and speci f 
RERO CUT AE EIE ) me 
coarser grain sizes were prepared by annealing. M. of a id 
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() 


Early stages of plastic deformation in a flat bar extrus 
tion of extrusion (horizontal in the figures). 
extrusion and short transverse directions, showing localized shear in a 
group of grains (x200). (b) Surface containing the extrusion and long 
transverse directions, showing disturbances at grain boundaries (x 200). 
(c) Similar to (a) showing basal plane slip in a group of graius ( x 300) 

P.M. 


ion, stretched in the direc- 
(a) Surface containing the 


——ÓÁ———————— 


Agaw 
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d at room temperature (fig. 2). These 
ained with the extrusions of rectangular 
In contrast, the values 


strength were made at 78°K an 
showed that the values of og obt 
and of circular cross section were rather similar. a 
of k were very different. This effect of section shape on k was s vs s 
expected from a comparison of the pole figures, which suggest t a a » 
wide range of orientations was present in both cases. The E anation 
must take into account short-range orientation effects. A microscopical 
examination using polarized light showed that groups of grains occurred in 
bands, or colonies, within which the range of orientations was quite small 
(fg. 4). In many of the colonies most of the grains appeared to Move 
orientations close to one or other of the orientations represented by the 
two peaks in the pole figures (fig. 3b). Such colonies were much more 
extensive in the extrusions of rectangular section than in the round bars. 
In the former, during early stages of straining, plastic deformation tended to 
be concentrated in favourably oriented colonies and, in longitudinal sections 
taken parallel with the short transverse direction, basal plane slip was seen 
to pass across such colonies without much disturbance at the grain boun- 
daries (fig. 5a and c). In sections containing the long transverse direction 
the evidence of irregular flow associated with grain boundaries was rather 
similar to that observed in round bar extrusions (fig. 5 5). 

This explanation of the small grain size dependence of the yield strength 
in the extrusion of rectangular section is consistent with the idea that 
k is sensitive to local orientation relationships. The microstructures 
obtained in the flat bar extrusions appear to be related to * compression 
banding `, previously observed in compressed and rolled magnesium. It 
has been suggested that this banding may be the result of a complex 
double twinning mechanism (Couling et al. 1959). If this is so the particu- 
lar structure could be peculiar to magnesium. However, the occurrence 
of groups or bands of grains having similar orientations is not uncommon 
in annealed wrought metals and generally, when the effectiveness of the 
grain boundary barriers depend. mainly on the orientation factor, 


| ep we ma; 
expect that b will be sensitive to such local orientation effects. i 


$4. CONCLUSIONS 
1. The principal effects of crystal str 
yield strength of single phase, poly 
in terms of their influence on To 
The effects of orientation on To 
metals, due to the small numb 


3. A preferred orientation of the grains can influence c, and k, together 
by changing the relationship between the applied stress esl the 
average value of the shear stresses developed on active slip planes 


throughout the aggregate. In an extruded bar of magnesium the 
values of og and k were found to vary appreciably with the directi 
of testing, relative to the fibre axis. H ecnon 


This is i ; 
effect of preferred orientation. essentially a macroscopic 


ucture and of orientation on the 
rystalline metals can be described 
and b in the Petch equation. 

and k will be important in non-cubic 
er of operative slip systems, 


to 
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4. k can also vary independently of o, if the orientation relationships 
of adjoining grains are changed. Magnesium extrusions of rectan- 
gular section, having a sheet texture, were found to give a conside- 
rably smaller grain size dependence of the yield stress than that 
shown by cylindrical extrusions, which have a fibre texture. In 
this case it is the local orientation relationships which are important. 


$5. EXPERIMENTAL DETAILS 


The material contained, in wt. 95, 99-95 magnesium, with Zn « 0-02, 
Fe«0-01, Si < 0-01 and Al « 0-01. It was received in the form of extruded 
bars, 3 in. in diameter, having a grain size of about 150p. For re-extru- 
sion in the temperature range 100 to 150?c, the billet, chamber and extru- 
sion die were all heated to the required temperature and the extrusion 
speed was limited to a maximum of 5in. per min. 

Yield strength measurements were made on test-pieces of 0-18 or 0-10 in. 
gauge length diameter at a strain rate of l0-?/sec. The gauge lengths 
were polished, to remove material disturbed in machining, before testing. 
The pole figures were determined with a Siemens Texture Goniometer, 
using etched longitudinal cross sections of the extruded bars. Since 
virtually the whole cross section was scanned, the results represent 
average values over the diameter of the extrusions. 
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ABSTRACT 


When a steel ball was rolled under load in contact with three similar balls in 
the presence of a mineral oil containing tritiated water, both tritium and 
hydrogen were absorbed by the steel surfaces. The amount of absorbed 
tritium inereased with the time of stressing. All the data for the amount of 
tritium absorbed by the balls fell on a single curve when the time of stressing 
was represented non-dimensionally by dividing it by the ‘ mean pitting life ’ 
corresponding to the experimental conditions. The tritium content decreased 
by outward diffusion for the first five days after stressing, but thereafter 
remained constant. The extent to which tritium adsorption sites are occupied 
appears to control both tho outward and inward diffusion processes. 
Analyses of steel balls for hydrogen showed that tho total hydrogen content was 
greater by a factor of more than 100 than the hydrogen equivalent of the 
tritium present. This observation can be explained by the penetration of 
hydrogen produced by cracking of the oil in the presence of water. The 
observations verify an earlier hypothesis that the acceleration of pitting 
failure of steel balls by water contamination in mineral-oil lubricants can be 
explained by hydrogen embrittlement. 


$1. INTRODUCTION 


RorrrwG bearings are subject to surface fatigue failure which manifests 
itself by the formation of pits brought about by repeated compression- 
tension cycles during the rolling action. It has been demonstrated that 
the ‘pitting life’, i.e. the time which elapses before the first pit appears, 
is greatly dependent on the environment in which stressing occurs. Dif- 
ferent lubricants under identical conditions of stressing produce different 
pitting lives (Barwell and Scott 1956 and Scott 1957) and the presence of 
water in petroleum lubricants causes acceleration of the pitting failure 
(Grunberg and Scott 1958). Water, apart from considerably reducing the 
pitting life, also accelerates the propagation of surface cracks once these 
have been formed and often leads to complete fracture of ball bearings. 
The effect of water contamination is evident at such low concentrations in 
the lubricant that it cannot be ascribed to any changes in the stress distri- 
bution or in the physical properties of the lubricant. Electrochemical 
corrosion reactions are also unlikely to make a major contribution, since 
water-accelerated pitting can be observed in laboratory experiments which 
last only for periods of some tens of minutes. A hypothesis which has 
recently been put forward suggested that vacancy-induced diffusion of 
hydrogen into the highly stressed surface material produced hydrogen 
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embrittlement and accelerated the failure (Grunberg and Scott 1960). A 
similiar explanation has been offered by Morgan (1958) for premature 
fatigue failure. Petch (1956) has suggested that hydrogen adsorption 
reduces the surface energy and enables crack propagation at lower stresses 
to take place. 

The present paper reports experimental work on the verification of the 
hypothesis that hydrogen penetration occurs in the fatigue of rolling 
surfaces in the presence of mineral oil containing undissolved water, and 
on the behaviour of hydrogen absorbed by the fatigued surface. These 
phenomena were investigated by using an accelerated laboratory test for 
producing pitting failure of ball bearings, and by the use of tritium-labelled 
water for the purpose of measuring the amount of hydrogen absorbed by the 
stressed material. Experiments were also carried out with the lubricant 
in a dry state or containing inactive water, using an alternative method of 
analysis for hydrogen. Preliminary results have already been briefly 
reported (Grunberg et al. 1960). 


2, APPARATUS 
2.1. The Rolling Four-ball Machine 

The rolling four-ball test apparatus developed in the NEL simulates 
the rolling and sliding action occurring in angular contact ball bearings, 
as shown in fig. 1 (Barwell and Scott 1956 and Scott 1957). Three lower 
balls are allowed to rotate freely in a race and are driven by a fourth ball 
the latter taking the place of the inner race in a conventional bearing: 
The whole assembly is contained in a bath holding 16 ml of the lubricant 
used in the experiment. High unit loads are used and failure occurs on the 
running track on the driving ball. The usual criterion of failure is the 
pitting life of the ball bearing, defined as the time which elapses between th 
start of the test and the first appearance of a pit on the running track of d 
driving ball. In the present work the duration of the ex perime c : 
deliberately chosen to enable hydrogen absorption to i studied as 
function of time. Owing to the low energy of the beta-rays fr ri dem 
(0-018 Mev max) a safety shield in the form of a Perspex E linder eid 
the working part of the apparatus provided sufficient xu " de 
using tritiated water in the experiments. Slight ibo e 


p ed by the cylinde i orde t t 
s S L rin or r to preven 
contamination, of the atmosphere. 


2.2. The Liquid Scintillation Spectrometer 
The radioactivity acquired by a test specimen in the 


RQ 
[ov 
[0] 
F 
FL 
F 
as 
EE 
g 
S 
Be 
ig 
ER 
E 
qe 
Ss Bs ak ee A 


liquid seintillati 
meter was used for this purpose. It wag Dd "eme zd 
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Fig. 1 


Counting cell (quartz) 


Cylindrical sleeve to locate test ball a 
fixed height above the base of the cell 


Test ball—this may be orientated so as 

to have fatiqued track vertical, horizontal 
(facing base of the cell) or horizontal 
(facing top of the cell) 


Fatiqued track 
Method of holding ball 


Liquid scintillator-the level of this may be 
adjusted fo cover varying amounts of the 
test ball 

Base of counting cell—situated immediately above photomultiplier tube 


Arrangement for determining radioactivity of parts of ball surface. 


BL PERS RS OA ea 
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spectrometer was set to give a maximum sensitivity for m ae 
This setting was found by plotting sensitivity, as measured by the coun ing 
rate from a standard tritium solution, divided by the background counting 
rate against the applied E.H.T., for different amplification and discrimi- 
nation settings. An efficiency of 24% was obtained when tameu P 
standard tritiated water sample greatly diluted with ethanol (A.R. quam) 
in a toluene based liquid scintillator (0:395 2,5 diphenyloxazole + 0-01 Y 
1,4 bis [2-(phenyloxazolyl)]-benzene). The background count in the 
experiments was of the order of 600c/min and was subtracted in all 
instances in order to obtain true counting rates. 


2.3. Analysis for Hydrogen 

lt seemed desirable to supplement the data obtained with tritiated 
water by analyses for hydrogen of balls from experiments with the dry 
lubricant and in the presence of inactive water. These were kindly carried 
out by Mr. F. R. Coe of the British Welding Research Association. The 
Specimens were packed in solid CO, and sent to BWRA with the minimum 
of delay after the completion of the experiments; the time required for 
transit was generally about 16 hours. Prior to analysis the test balls 
were carefully cleaned in benzene, acetone and finally in ether. The last 
traces of ether were removed by evacuation for a few seconds using a rotary 
pump. ‘The hydrogen content was determined by heating the balls at 
about 650-700°c in a stream of argon. The hydrogen evolved was deter- 
mined by measuring the thermal conductivity of the gas stream (Coe 1960). 
The sensitivity of the method was just adequate to measure the small 


quantities of hydrogen present, which were only 1 to 2 times the minimum 
amount detectable. 


$3. EXPERIMENTAL DETAILS 


. Four freshly cleaned, new, jin. diameter, commercial grade balls of 
En 31 steel were used in each experiment. The base lubricant used in all 
experiments was NEL reference oil 1/2/6/6, a blend of two high V.I. 
(viscosity index) components from a Venezuelan crude, having a viscosity 
of 636 es at 25°C; 3% by volume of water was added to the lubricant. The 
radioactive experi ments were carried out with tritiated water (5 curies [ml) 
In some experiments additives were used which had been shown to 
alter markedly the pitting life of ball bearings in the presence of mineral 
oils supersaturated with water (Grunberg and Scott 1960). The com- 
mercially available additives tested were iso-amyl alcohol, a, substituted 
imidazoline ‘O’, an additive based on N-methyl glyci ; 
derivative. At the end of each test the balls were ver 
in benzene and acetone to ensure that oil and tritiated 


| lat Water were removed 
from the specimen before the activity was determined. The specimens 
were examined immediately in the liquid scintillation spectrometer in 
order to determine the amount of tritium which had been absorbed by 


different areas of the surface. The radioactivity measurements were 
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repeated daily up to a total period of five days and then less frequently 
up to a total period of 90 days. 

In order to confirm that the radioactivity acquired by the steel balls was 
due to tritium penetration and not attributable to tritiated water which had 
been retained by the specimens, some tests were carried out and the following 
observations made. 


(a) After immersing an active ball in the liquid scintillator for 15 min 
and then removing it, no residual activity was detected in the scintillator 
as would be expected if the activity was merely due to contamination with 
tritiated water. 

(b) Storage of active balls over silica gel for periods of several days did 
not remove any activity nor was the rate of decay of activity with time in 
any way affected. 

(c) When an active ball was immersed in boiling water and the water 
tested at intervals for activity, no exchange of activity between the ball 
and water was found. 

(d) No activity was removed by prolonged washing in acetone or 
alcohol for periods of three days. 


It may be concluded that the cleaning process was adequate and that the 
activity was not due to contamination with tritiated water, but was due 
to the absorption of tritium by the specimens. 

Since contamination of active specimens with tritiated water had not 
occurred, it was possible to make an estimate of the amount of absorbed 
hydrogen which corresponded to the recorded counting rates. The 
efficiency of detecting the radioactive hydrogen present in the fatigued 
surface track was assumed to be of the order of 25%. This value is the 
efficiency which should obtain experimentally assuming that no quenching 
from the radioactive material occurred but ignoring the fact that radiation 
would be attenuated to a varying degree according to position of tritium 
molecules relative to the surface of the steel ball. Since the activity of 
the radioactive water used was 5 curies/ml and 1 curie produces 3-7 x 1019 
disintegrations per second, it follows that for a 25% efficiency of detection 
of disintegrations 1000c/min=4-5 x 10-'°l. hydrogen at N.T.P. This 
approximate conversion figure was used to express the hydrogen equivalent 
of the counting rate observed. ‘These volumes of hydrogen appear at 
first sight very small but when itis considered that all the acquired hydrogen 
is located beneath the fatigued track or 0:261 cm? of the surface of the ball 
the concentration is quite large. Further when material was progressively 
removed from the surface of an active ball, no tritium was detected at a 
depth greater than about 10cm. Thus all the acquired hydrogen was 
located in a volume of 2-61 x 10-?ml of steel. It follows that 


1000 c/min = 4-5 x 10°]. hydrogen at N.T.P. 
= 0:017 ml hydrogen per millilitre of steel in the track. 


As will be shown later, the hydrogen content of balls was higher than that 
deduced from the counting rate, but no means existed of determining the 
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distribution of hydrogen in the balls or indeed the amount of hydrogen 


originally present. 
$4. RESULTS 
4.1. Distribution of Tritium Absorption 

Initially all four balls from experiments in which tritiated water had 
been used, were examined for radioactivity. It was soon established 
that the three rotating balls acquired much less activity than the driving 
ball and that the activity was concentrated in the fatigued surface tracks. 
Typical counting rates observed in one experiment are reproduced in table 1. 


Table 1. Counting rates obtained from balls in one experiment 
Load: 600 Kg. Time of stressing : 20 mm 


c/min 


Driving ball (with fatigued track exposed) | 33 400 


Driving ball (unfatigued surface) 20 
Rotating ball 1 (with fatigued track) 21 000 
Rotating ball 2 (with fatigued track) 20 500 
Rotating ball 3 (without fatigued track) 16 000 
Background 580 


Table 2. Effect of time of stressing 
Load : 600 Kg. Lubricant: NEL ref. oil+3% tritiated water 


" : z Initial counting rate 
ie o from fatigued dcos 

(c/min) 

5 21 000 

10 25 800 

15 30 000 

20 33 400 

28' 40 200 

37 50.500 


The results reported in the remaining part of the 
| paper refer to measure- 
ments carried out on parts of the Surface of driving b i 
! al i 
brc g balls which contained 
4.2. Effect of Time of Stressing 
Experiments were performed with the lubricant ini 
! containing 3% triti 
water, using a constant load of 600 Kg (equivalent to a p eee 
Hertzian stress of 500 tons[in?.) in which the time Of stressin UM 
between 5 and 37 min. From previous experiments, in which E wi oe 
had been used, the mean pitting life for the above conditions was BE : 
to be 26min, so that some of the experimental times used in the e 
work exceeded the time during which the first pit normally We 
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The results of the initial counting rates (i.e. immediately after the comple- 
tion of the test) are given in table 2. 


4.3. Effect of Load 
Using a constant time of stressing of 20 min, the load was varied between 
300 and 600 Kg. The lubricant again contained 3% of the tritiated water. 
Initial counting rates are given in table 3, which also gives the mean 
pitting life corresponding to the loads used in the experiments. 


Table 3. Effect of load 
Time of stressing: 20min. Lubricant: NEL ref. oil+3% tritiated 


water 

Toad Initial counting rate Mean pitting life 
i nee from track corresponding to load 
(Kg) (¢/min) (min) 

600 33 400 26 

500 27 200 45 

400 22 300 88 

300 14 000 208 


4.4. Effect of Additives 

It has previously been demonstrated (Grunberg and Scott 1960) that 
certain additives change the mean pitting life when mineral oil lubricants 
contain water. Iso-amyl alcohol, a substituted imidazoline ‘O° and an 
N-methyl glycine derivative had been found to increase the mean pitting 
life, whilst a sarkosine derivative decreased it. The effect of these additives 
on the absorption of tritium was studied by performing experiments with 
tritiated water. Table 4 shows the results obtained. 


4.5. Decrease of Counting Rate with Time 

The half-life of tritium is 12-5 years and over the period of three months 
during which individual specimens were kept under observation, the 
radioactive decay can be regarded as negligible. It was however observed 
that during the first five days after the completion of experiments, counting 
rates decreased appreciably and this can only be ascribed to loss of tritium 
by diffusion. After this period of decrease the counting rates remained 
constant at least over a period of three months indicating that a residual 
amount of tritium had been retained by the specimens. This behaviour 
is illustrated by fig. 3 for the specimens stressed by a constant load for 


different times and by fig. 4 for the tests with different loads and with 
additives. 


4.6. Experiments with Dry Lubricant and with Inactive Water 


It has previously been shown that removing water from mineral oils 
increased considerably the mean pitting life (Grunberg and Scott 1958) 
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Table 4. Effect of additives 
Load: 600 Kg. Lubricant: NEL ref. oil+ 3% tritiated water 
+ additive 


Initial ul 
: Mean pitting 
Time of | counting : on s 
Concen- | Stress- rate from Des. 
Additive tration | Pee [rene corresponding 
y ing | fatigued load 
(%) (min) track ; 
: (min) 
(c/min) 
None — 20 33 400 26 
Iso-amyl alcohol 3 40 49 500 34 
Sarkosine derivative 3 20 37 000 22 
Substituted imidazoline *O* 2 20 24 000 59 
Sarkosine derivative + 2 
: ues SN ANS EC 2 2 
substituted imidazoline ‘O 3 20 26 000 60 
Substituted imidazoline *O' + 2 : Rina c 
N-methyl glycine derivative 2, 2 2 En 2 
Sarkosine derivative] 2 20 30 000 38 
T At a load of 500 Kg. 
Fig. 3 
60 
> 
TIME OF 
X STRESSING 
o 
z 
z 
m 37 MIN 
3 
8 
28 MIN 
20 MIN 
1S MIN 
10 MIN 
E — DIFFUSION T A ete der 
— RESIDUAL TRITIUM —- 
o R, 
o1 0.5 1 - — 
: 9 is 100 
TIME — days 
Loss of tritium with time- : 
1me-constant load experiments (600 Kg). 


Hydrogen analyses were therefore carried 
been stressed for periods up to 100 min i 
several days over metallic sodium, Ta 
the hydrogen content of unused balls. 


out on driving balls which h 

B B d 
n oil, which had been dried for 
ble 5 shows the results and also 
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Fig. 4 


COUNTS/MIN X iG? 


SSeS tq UN 


TIME— days 
Loss of tritium with time-constant time of stressing. 


O 300 Kg load, no addition. 

O 400 Kg load, no addition. 

A 500 Kg load, no addition. 

x 600 Kg load, no addition. 

€ 600 Kg load, + 2% substituted imidazoline *O'. 

IM 600 Kg load, + 2% sarkosine derivative. 

A 600 Kg load, + 2% substituted imidazoline ‘O’+2% N-methyl 
glycine derivative. 

¢ 600 Kg load, + 3% iso-amyl alcohol. 

ò 500 Kg load, + 2% sarkosine derivative. 

+ 600 Kg load, + 2% sarkosine derivative+2% substituted imida- 
zoline *O'. 


Table 5. Hydrogen content of balls 
Load: 600 Kg. Lubricant: NEL ref. oil dried over sodium 


Time of stressing | Hydrogen per ball 
(min) (ml at N.T.P.) 


Nil (unused balls) 0-001 to 0-018 
20 0-005 
40 0-005 
60 0-010 
80 0-010 
100 0-015 


The results of hydrogen analyses of driving balls which h 


ad been stressed 
in the presence of water are shown in table 6. 
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4.7. Comparison of Results with Tritiated and Inactive Water 

From the results given in table 2 and the conversion figure of counting 
rate into hydrogen it appears that, at times of stressing of 20,30 and 40 min, 
the hydrogen content as determined by the radioactive method was 1-5, 
1-9 and 2-3 x 10-5 ml H, (at N.T.P.) per ball respectively. The correspond- 
ing figures obtained with inactive water (table 6) are about 1500 times 
greater and it is necessary to consider briefly whether or not this discrepancy 
could arise from the experimental techniques used. 


Table 6. Hydrogen content of balls using inactive water 
Load : 600 Kg 


[J MÀ p MÀ 
Time of AS LAN 
Dune stressing Hydr spen mor ball 
(min) (ml at N.T.P.) 
NEL ref. oil 4- 39 water 20 0-032 
NEL ref. oil 4-39 water 30 0-030 
NEL ref. oil+3% water 40 0:036 
NEL ref. oil-- 39 isoamyl alcohol+3% water 30 0:029 
NEL ref. oil 4-295 substituted imidazoline ‘O’ 

+3% water 30 0:028 


The range of the beta-rays from tritium in steel is 7-7 x 10-9 em and any 
tritium present at a greater distance from the surface cannot contribute to 
the counting rate. It was, however, found that active balls from which 
material had been removed progressively lost all activity at a depth of 
approximately 10 cm, indicating that tritium had not penetrated [n ond 
this depth. Radioactivity measurements cannot, of course Wes for 
all the tritium present as some attenuation of the radiation Rom triti e 
must occur at a very small distance from the surface. A rough esti is i im 
the extent of the attenuation suggests that the amount of t sti E: 5 
was not likely to be more than ten-fold the amount ac D 
radioactivity measurements. Unless one is 
effect in hydrogen absorption in the ratio of 
unlikely, one must accept th 
absorbed by balls comes fro 


§ 5. GENERALIZED Presentation o 


F TRITIUM RESULTS 
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different periods of time and under different loads it seemed desirable to 
find a suitable normalizing procedure. An important stage in the pheno- 
menon of surface fatigue is the time required for the first pit to appear in the 
fatigued track, i.e. the pitting life. Although the mean pitting life is 
subject to considerable scatter it seemed reasonable to express the times for 
which specimens had been stressed as fractions of the mean pitting life. 
Let t be the time for which a specimen has been stressed and tm be the 
mean pitting life under a particular load, then 0, a non-dimensional time 
of stressing, may be expressed by : 
ee P EI m 


tm 
Expression (1) allows a comparison of results for hydrogen take-up at 
different times of stressing and under different loads. When an experi- 
mental value of tm under a particular load was not available from previous 
work (Grunberg and Scott 1958, 1960), use was made of the relationship 
between mean pitting life and load which, with mineral oils, has been shown 
to obey the ‘inverse cube law’ (Barwell and Scott 1956), namely: 


fm: (L2? 2 
= (=), Ru —-- (2) 


12 
where L, and L, are the loads corresponding to the mean pitting lives ¢,,, 
and t 


m2* 


Fig. 5 
30 
20 
aS 
a 
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S 
?o 
Xx 
= 
10 
o 
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e 


Initial hydrogen as a function of the non-dimensional tim 


e of stressi PE 
data. (Symbols as fig. 4.) Stressing for all 
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The times of stressing in the experiments at constant load were normalized 
according to expression (1) and those at different loads using expressions 
(1) and (2). IRE 

For the purpose of correlating different results on the above basis it 
seemed appropriate to examine separately the amounts of hydrogen 
initially absorbed by specimens, H; from the residual amount, Hres 
which remained after the completion of the diffusion phase. The difference 
Hi— Hres, attributable to ‘diffusible’ hydrogen is denoted by Harrr- 
Figure 5 shows a plot of H; versus ô. A unique curve represents all the 
available experimental results. There appears to be no discontinuity at 
0—1, and at 0» 0-2 a linear relationship exists between the amount of 


hydrogen initially absorbed by specimens and the non-dimensional time of 
stressing. 


- 
Fig. 6 


N 
[9] 


Hres 1X10? (at N.T P) 
Hg 1X10? (at N.T.P) 


I: ‘residual ' hydrogen as a function of the i ; A 
: Pei non-dimension: UE ETT AES 
IL: ‘diffusible " hydrogen as a functi al time of stressing ; 


or E : 
stressing. (Symbols as fig. 4.) 1 of the non-dimensional time of 


The results for Hres versus 0 are shown in fig, 6. Pract 
results obtained with the additive-free bru fall po all the 
At 0> 0-2 the relationship between Hres and 0 is linear Tt o Een 
that the points for experiments with additi e e 
curve. additives fall appreciably above the 
The relationship between diffusible hy 


drogen and 6 i : A 
As is to be expected, a unique curve is E is also shown in fig. 6. 


again obtained for all the data from 
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experiments with the additive-free lubricant and linearity again sets in at 


0>0:2. The points for experiments with additives in this instance fall 
below the curve. 


$6. DISCUSSION 

The experimental results clearly confirm the earlier hypothesis that 
hydrogen penetration occurs in the water-accelerated pitting of rolling 
bearings. The behaviour of the absorbed hydrogen as determined by 
radioactivity measurements in the present work is so similar to that 
encountered in the ‘hydrogen embrittlement’ of ferrous materials that the 
similarities are worth pointing out. In both instances diffusible, as well as 
residual hydrogen, have been found. In the hydrogen absorption of 
plastically deformed steels, the residual hydrogen content has been found 
to increase with the extent of plastic deformation whilst diffusible hydrogen 
decreases (Hill and Johnson 1959). Assuming these observations to be 
applicable to hydrogen absorbed in surface fatigue, it is of interest to 
examine the ratio of residual and diffusible hydrogen as a function of the 
non-dimensional time of stressing as observed in the present experiments ; 
this is shown in fig.7. Considering in the first instance only the results from 
the experiments with the additive-free lubricant it can be seen that the 
ratio increases rapidly up to a value of 0 — 0:5 and then remains constant 
at Hies/Hairr at about 1-3. This suggests that up to about 0—0:5 the 


Fig. 7 
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degree of cold work in the surface layer continuously increases, reaching 
constancy at about that value. 

In view of the observations discussed above, it seems possible to discuss 
briefly the mechanism of hydrogen penetration of the surface in terms of 
current views about the mechanism of hydrogen embrittlement. In the 
first instance, it seems necessary that hydrogen should be formed under the 
conditions of the experiments, preferably in atomic form, so as to facilitate | 
rapid penetration. It is known that in the presence of water and oxygen, 
plastically deformed surfaces cause the formation of hydrogen peroxide by a 
free-radical mechanism and it has been suggested that the hydrogen 
free-radical (i.e. atomic hydrogen) is one of the intermediaries of the 
reaction (Grunberg 1953). For the diffusion to be as rapid as in the present 
experiments, vacancies generated by plastic deformation can be assumed 
to assist in the process of penetration. The latter suggestion is supported 
by evidence from electron microfractography of failed components (Scott 
and Scott 1961). 'The forms in which hydrogen is present in the stressed 
material are yet uncertain, but it is generally assumed that diffusible 
hydrogen, in atomic form, is held in lattice interstices, from which it can 
be released gradually by diffusion. Residual hydrogen becomes fixed 
in yet undefined ‘traps’, which have variously been explained by the for- 
mation of chemical compounds, chemisorption sites in sub-surface cracks, 
or simply by voids filled with hydrogen under pressure (Hill and Johnson 
1959, 1961). The present experiments cannot assist in the explanation 
of the nature of the hydrogen traps. 

Some discussion is necessary of the effect; of lubricant composition on 
hydrogen penetration. It seems obvious that at some stage of the process 
hydrogen becomes adsorbed on the stressed surface prior to penetration. 
This adsorption is likely to occur on definite surface sites and if there is 
competition with other adsorbable species, the surface concentration of 
hydrogen will be reduced. The equilibrium between diffusible to residual 
hydrogen will, under these cireumstances, be shifted in favour of the latt : 
since a decrease of the number of surface sites occupied b x 
inevitably reduce the opportunity 
this hypothesis were true one would 


y hydrogen must 
for loss of hydrogen in diffusion. If 


esis we: expect that additives which incr 
the mean pitting life would show a low rate of loss of cune disces 


and a higher ratio of Hyes/Haisr since a reduction in hydrogen surface 


adsorption can be expected to delay both th 
+n the outward and inw: iffusi 
of hydrogen and prolong the period required for failure res E 


in fact borne out by the results shown i 7 SE z 
increase the mean pitting life (see table " E m Foe which 
line with the hypothesis. The addition of sarkosine derivati s which are in 
which reduces the mean pitting life (see table 4) gave res eS an additive 
agreement with those obtained with the additive-free lub 3 which were in 
7 Considering ut abe high hydrogen/tritium ratio dE 
in the experiments, it seems fairly clear that the main : En found 
hydrogen was the oil used in the experiments. Roun S s eee 
: suggest 
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that owing to high surface temperatures (400-480°c), thermal cracking of 
the oil occurred in rolling surface fatigue and that the hydrogen formed in 
thermal cracking leads “to a hydrogen embrittlement type failure ". 

This hypothesis appears to be supported by the observation that naphthenie 

(low viscosity index) oils, which are thermally more stable are less prone 

to produce pitting failure than paraffinic (high viscosity index) oils (Barwell 

and Scott 1956, Scott 1957, Rounds 1961). The oils used in these experi- 

ments were not freed of water and the effect of the latter is uncertain, 

The experiments with dry oil which produced balls with a relatively low 

hydrogen content (table 5) do not lend support to this simple explanation. 

It has been reported that the cracking of hydrocarbons in the presence of 
water produced a disproportionate amount of hydrogen (Guyomard 1954) 

and this may explain the difference in the hydrogen content of balls stressed 

in the presence and absence of water. The water-induced cracking of the 

oil need not necessarily require the high surface temperatures suggested by 

Rounds (1961). The presence of tritium in the steel balls indicates 

decomposition of tritiated water on the stressed metal surface which 

would involve the hydrogen free radicals, H-, as suggested by one of the 

authors (Grunberg 1953). The reaction of H- with lower hydrocarbons 

has been widely studied (e.g. Waters 1950 and several papers in the Discus- 

sions of the Faraday Society, “The Labile Molecule” 1947 ; “Hydrocarbons” 

1951; “ The Reactivity of Free Radicals” 1953). In general it appears that 

H: attacks hydrocarbons higher than methane and this occurs at a tempera- 
ture of 100°c or even at lower temperatures. Such temperatures could 
readily be reached in the lubricant film since the equilibrium temperature 
of the lubricant in the bath of the four-ball apparatus is of the order of 
50?c. The reaction between H- and hydrocarbons results in chain 
fission, hydrogen abstraction, combination of hydrogen with hydrocarbon 
free-radicals, isotope exchange and many other processes which increase 
in complexity with increase in chain length of hydrocarbons. Some of the 
processes occurring in the lubricant would increase the hydrogen/tritium 
ratio in the steel balls, since inactive hydrogen would be supplied by the 
lubricant and tritium would be captured by the latter. It is unfortunate 
that the variability of the initial hydrogen content of stecl balls made it 
impossible to investigate the hydrogen/tritium ratio more closely, but the 
strong correlation between the tritium content of balls with the non- 
dimensional time of stressing suggests that the ratio of absorbed hydrogen 
to absorbed tritium was constant in the experiments. As the hydrogen 
and tritium absorbed were concentrated in the narrow and shallow fatigue 
track and the initial hydrogen was dispersed throughout the whole ball 
the latter would have only a minor effect on the fatigue process. 


$ 7. CONCLUSION 


The experiments reported seem to prove conclusively that hydrogen 
penetration is a controlling factor in rolling surface fatigue of steel and that 
the presence of water in the oil greatly enhances this penetration. 


5M2 
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ABSTRACT 


In transport problems (e.g. conduction in metals) involving a distribution 
function P, it is usual to assume that when, say, an electric field is applied, a 
steady state is soon established, and correspondingly we seek solutions of a 
steady-state transport equation in which we set dP/at=0. 

However, it has already been suggested in the past (e.g. the work of 
Fröhlich) that dielectric breakdown can arise because electrons may find them- 
selves in an wnstable situation, gaining energy from the applied field faster than 
it can be dissipated through collisions with the lattice. Evidently such 
possibly unstable situations must depend on the functional behaviour of the 
relaxation time and the magnitude of the applied field. 

We felt it would be interesting to see whether, on an elementary basis with 
a simple and explicitly time-dependent transport equation, unstable 
“runaway ' solutions could be found. This is indeed so and we have deter- 
mined such solutions for a number of models. We propose a simple criterion 
for stability (probably too naive for physical stability) which depends only on 
the assumption that scattering from any given state is a Markovian process. 
We notice in particular that thore is a limiting form of velocity dependence of 
the relaxation time which in terms of our model should in itself maintain 
stability at all applied fields. 


$1. IxTRODUCTION 
A typical transport problem arises in statistical mechanics when we consider 
what happens when we apply a uniform and steady force to the elements 
or particles in an assembly (e.g. an electric field acting on the electrons in 
a conductor), where the particles are subject to scattering of some kind 
(e.g. the electrons are scattered by impurity atoms or lattice vibrations). 
The transport equation for such a problem, written for simplicity in one 
dimension, which may then be regarded as broadly representative of 


many other transport problems such as diffusion under a temperature 
gradient, would read : 


9P[0t — —foP(V,t)/OV + [OP/At]scatt- dec) 
The first term on the right-hand side of eqn. (1) is assumed to represent the 
rate of change of the distribution function P(V, t) arising directly from the 
applied force, where fis the force per unitmass supposed experienced by each 
particle. Such terms in the transport equation are often known as ‘ drift’ 
(or ‘field’) terms. The second term on the right-hand side represents 
formally the change of P resulting from the scattering of the particles. In 


T Dr. MacDonald died 28 J uly 1963. 
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a typical electron transport problem it is usually assumed that a dynamic 


balance is rapidly achieved between the two terms on the right-hand side, 
so that we then seek a so-called steady-state solution of eqn. (1) with the 
left-hand side=0. It is then also very common to assume that o 
perturbation produced by f is su fficiently small that we may write P + Peq 
in the drift term, so that finally we are usually secking solutions of the equa- 
tion: 


fdPeq/dV -[8P[Obleut - - - s - 7 @) 


The term [3P /ðt]scatt does not normally contain any explicit dependence 
on the time, /, (it is rather in the nature of a sum or integral over transition 
probabilities per unit time) so that, as we expect, our solutions of eqn. (2) 
are independent of /. Thereafter an appropriate ‘moment’ of P (the 
first), as derived from these solutions, will yield the steady-state mass-flow 
(or the corresponding electric current if we are dealing with a conductor) ; 
or alternatively a higher moment will yield the steady-state energy flow 
under appropriate circumstances. 

Obviously enough, such solutions, and the pursuit of such a campaign 
in general, take no account of possible situations which might lead to 
‘runaway’ or unstable behaviour of the assembly, since we have blandly 
assumed that a steady state must needs emerge sooner or later; i.e. if f 
is applied for / 7 0, we are assuming that a steady-state solution is bound to 
be approached fort—oo. If we confine our attention to metallic conduc- 
tivity and related phenomena, this presumption appears to be adequately 
confirmed in practice where, for example, application of a reasonable 
voltage results in a steady current flow after the lapse of a short ‘relaxation 
time’ (typically 101? to 10 sec at room temperature). It is of course 
quite possible to arrange ‘fuse ’-like situations where, in a constricted section 
of conductor, the current density is so high that heat dissipation becomes 
unstable, and ultimately the ‘fuse’ melts. But this is a rather different 
kind of unstable state which we can hardly expect to be intrinsic to the basic 
transport equation (eqn. (1)). 

There are however situations in dielectric materials with relatively few 
free electrons where it has been suggested (ef. e.g. Frohlich 1946) that 
under appropriate scattering conditions and with a sufficiently large 
electric field, a kinetically unstable situation may arise where an electron 
by chance has a long mean free path and thus gains excessive kinetic 

energy from the applied electric field. If now the scattering law is of 
such a character that the scattering diminishes with increasing particle 
energy (a very reasonable assumption), this electron of higher kinetic 


energy than average will then be more likely to have an even lon 

free path in which it can thus gain even more kinetic energy from d S d 
field, and so on. Such a verbal (or perhaps * hand-wavin *) ar ud 
we have just given would naturally require to be Seuil rud E 
to carry conviction or to be regarded as adequate. Workers c We aan 


(e.g. Frohlich, loc. cit.) have analysed in detail the electron-ion processes 
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which they have argued can lead to dielectric breakdown. We do not 
profess to be dealing with the problem of unstable current flow in this sort of 
detail. Our interest rather was primarily in determining the nature of the 
time-dependent solutions of the transport equation, and to see whether 
certain such solutions could themselves, under suitable conditions (e.g. 
sufficient strength of electric field), correspond even formally to an unstable 
current flow. 

If we were investigating seriously the possible physical occurrence of 
unstable flow situations, we recognize clearly that we should have to use 
a more realistic model for scattering, including almost certainly electron— 
electron scattering, than is provided by the rather sweeping simplification 
of the convenient ‘Boltzmann Relaxation’ equation : 

alee r (3) 
Ot seatt — mu papam cce n 
Nevertheless, for reasons indicated below, we have used eqn. (3) in this 
paper, together with a relaxation time (V) which is a function of V, to 
give an elementary discussion of a type of unstable solution of the transport 
equation. 

We have shown elsewhere (Guénault and MacDonald 19632) that eqn. 
(3) is in fact only strictly consistent to describe scattering for arbitrary P 
when 7 is itself constant, but in that case there would be no possibility of 
runaway solutions. However, in the examples we shall consider, the 
inconsistency introduced by using this BR equation makes itself quite 
obvious, and still permits us to discuss intelligentiy the possibility of 
‘runaway’ solutions. This in turn then enables us to formulate on a more 
general basis a specific criterion for these runaway solutions. This 
criterion is then independent of the particular form of scattering law, and 
dependent only on the general assumption that Markovian transition 
probabilities govern the scattering. 


§ 2. ANALYSIS 
2.1. The Scattering Term 
The problem we have set ourselves is to look for solutions of eqn. (1): 
oP oP oP 
A fep | —— ; BEES 
à av |a je (1) 
paying particular attention to possible time-dependent solutions where a _ 
steady state is not reached as too. The problem we discuss first is how 
to express analytically [0P/0t]scatt in eqn. (1). 


A frequently very useful model for scattering of particles of mass M when 
the individual collisions are ‘weak’ is the Fokker—Planck equation : 


QM. O 
Lat as "oov (P FST). Wig l4 cU (4) 


where wis a constant determined by the strength ofthesc 


cons tern attering. However, 
this equation is unsuitable for our present progr 


amme for two reasons. 
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f 
1 


First, eqn. (4) substituted into eqn. (1) will yield a partial differential 
equation for P(V, t) which is of second order in derivatives with respect to 
V. Tts solution therefore would be difficult, and we should like to keep the 
mathematical discussion as simple as possible. Secondly, the Fokker- 
Planck equation as it stands represents a linear decay situation m that ais 
a constant (equivalent to a viscous coefficient independent of velocity). 
Thus we would not expect any instability to arise from eqn. (4). We 
expect possible instability to arise only when the scattering decreases with 
increasing velocity, so that the viscous coefficient is strongly dependent on 
velocity. A consistent approach to such non-linear viscous situations 
has been discussed by Alkemade et al. (1963); their analysis was based 
primarily on a ‘Rayleigh piston’ model, and in fact we might hope that 
for the present problem something like an electrically charged Rayleigh 
piston in a charged gas might be a suitable model. However, Alkemade 
et al. (loc. cit.) show that when the master equation for [0P/0t]scatt is 
expanded consistently in the non-linear case, higher derivatives (03P/dV3, 
ete.) must also be introduced into the expression for [0P/0t]scatt- This 
makes the task of solving eqn. (1) with this form of scattering seem hopeless 
to us, and consequently we abandon any attack along these lines. 

We have pointed out (Guénault and MacDonald 1963 b) that with extreme 
non-linearity in a Rayleigh piston model (i.e. the Lorentz limit), the 
expression for [OP[0! ]scatt again assumes a relatively simple form, namely : 


LF he =- CER 2). ne) 


However, this equation is not suitable for discussing transport properties ; 
owing to the symmetry between P(V) and P(— V) in eqn. (5) 
fact shows no transport (i.e. zero ‘ conductivity b 


, the model in 


Thus, faute de mieux, in the following analysis we use the familiar 
€ o 5 5 5 Y 
Boltzmann Relaxation’ equation to describe the scattering : : 
g: 


LF haw ee e lee 


We do this reluctantly because we were led previously to doubt whether 


any physical scattering model could actually ei is B i 
i c y give this BR equation 
(Guénault and MacDonald 1963 a); in particular we showed Un to be 
consistent 7(V) should be a const 


ant independent of V. H 
) j . However 
mentioned in the introduction, the incon icm 


; sistency makes it i 
below in a rather obvious way, ar y self evident 


nd indeed we shall point P 
: Ji : out how a criter 
for instability can be introduced free from this inconsistency pm 


2.2. General Solution 


Thus substituting eqn. (3) into eqn. (1), we now wish to solve: 


GP aP F PIER 
ðt E) V V) D QUO D e UR ism um (6) 
where we write Peq(V) for the equilibrium distribution. 


s T 
ls a constant, but 7 is to be a function of V voral any 


in general. 
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Equation (6) is a first-order linear partial differential equation, which can 
be solved according to the general method of Lagrange (cf. e.g. Piaggio 
1928, p. 147). Two solutions of the ‘subsidiary equations’ corresponding 
to eqn. (6) are: 

(i) the solution of fdi=dV, i.e. (V —ft)=constant, 


(ii) the solution of f7(V)(@P/dV)=Peq—P, which is the ordinary time- 
independent transport equation (cf. eqn. (2)), i.e. 


P exp [g(V)] [^ p 7) dV — constant, 
T 


ae [or Rc c (Gh 


The general integral of eqn. (6) is then : 


where we write: 


V "lox . 

¢ (v — ft, P exp [g(V)]— Peq(w)exp [g(a)] ae) =0, (8) 
fri) 
where $ is any arbitrary function. In our particular problem, presuming 
that P(V,t) is to be a single-valued function and imposing the boundary 
condition that P(V,t)=Peq(V) at t=0, we obtain finally as the appropriate 
form of eqn. (8): 
Pon id 4 dP eq(2) 
PUV, i) Pea(T)= -exp 1-90] | exp tga] 9 
7 —ft x 


Let us now examine this solution for various analytic forms of the relaxa- 
tion time 7(J’). 


da. (9) 


2.3. Constant + Model ; 
When z(V) is a constant we may write eqn. (9) using the definition (7) for 

g(V): 

; Uu y Peale) :) 

P(V,t)—Peq(V) = —exp (—V/fr) Í snela e (19) 

V-ft Saat 
Since the integral in eqn. (10) converges very rapidly for t>7 to a time- 
independent value, there is in this instance no possibility of unstable 
solutions for any value of f. In particular for ¢>7, we obtain: 
P. 

P(V,t) - Pa(V)—- exp(— Ylf) Ie exp (alfe) Eea ga, (11) 
This steady-state expression can be expanded if an in its more usual 
form in ascending powers of f by performing successive integrations by 
parts in éqn: (11). (Thus, in particular for the small f we obtain: 


dPeq( V) 
dV ^ 


a very familiar result from the BR equation in trans 
general to Ohm's law.) 


P(V,t) 2 Peq(V) 4 fc 


port theory leading in 
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2.4. A ‘Cut-off 7° Model 
As an extreme situation in which we would now surely expect some sort 

of instability to occur, consider a model with the following velocity -depen- 
dence of 7: 

1/7(V)=1)/7, constant; |V| « Vo ee 

1j (V)20; |V|» V. 
Consequently we may write from eqn. (7) (choosing here for convenience 
— œ for the lower limit of the integral) : 


g(V)=0; V <-V, 
=(V+V,)i7r3; -VWy<V<V, Sr e ee) 
22V; V zY. ] 


If we now substitute eqn. (13) into the general solution, eqn. (9), and let 
t become indefinitely large with f positive, we obtain for the distribution 


function : 
P(V, ©)=0; € -V, 
= Pe(V) - exp [- (V + V9)/fz ]Peq(Vo) — exp (— V [fr) 


V . 
| exp (x/fr) Cum dx; -Vos Y< Vo 


-V la: 
= [1 — exp (- 2V,[f7)]Peq( Vo) — exp (— Volfr) 
lE exp (elf He) an; S y 
Se) ee 2 Vo. erg oo s (ile) 


At sufficiently large fields, such that fr> V o> eqn. (14) leads to the result that 
P(V, o0) 2 0. everywhere. Physically, this means that the particles are 
accelerated by the field right out of the scattering region (— V, « V < V,) 

Such. a drastic result would correspond to some rather anes form oe 
physical instability, or breakdown, such that each particle is accelerated 
E as if it were in a perfect conductor. pi 

e n R E perhaps, is the low field limit, namely fr V, For 


P(V, œ)=0; V< —V, 


D) Us Z 
= Pea(V)—exp (= Vif) | exp (elfe) Pea ay =V,<V<y 
Se da d o 


=Pea(Va)—exp(—Volfs) |" epep Pat) aes y 7 
Gaon a > zug 


5- 6-8 NG 


o) is the ordinary solution 
Outside the region, we 


The solution inside the scattering region (IV| « Y 
(cf. eqn. (11)) derived from a constant + model. 
have P(V) constant independent of V. 


For extremely small fields, i.e. neglecting terms of order fee v, 


comparison with unity, we obtain: o) in 
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P(Y, o)=0; V« —V, 

=Pe(V); —Vo<V<V, 

eal trl (Wa sse ccena 


It is instructive to look at the solution in this extreme limit of small 
fields at some finite time, ¢, rather than as t-> co. We obtain now: 


P(V,t) =Peq(V—ft); Ve —Vo,V>Votft 
=Pe( V); —Vo<V< Vo 
=Peq(Vo); Vo< V< Votfe. DC tv (i) 
Figure 1 illustrates eqns. (16) and (17). 


Let us note the appearance of the following two features exhibited by the 
‘cut-off’ model, even for a vanishingly small field. 


Fa Vo O Vo V 


Schematic diagram of the distribution function for the ‘ cut-off 7 ' scattering 
model at zero, intermediate and infinite time when a small field is applied. 


(1) A characteristic inconsistency of the BR equation appears (noted for 
example in Guénault and MacDonald 1963 a) in that 


| ^ P(V,t)dV 


as predicted by the solution is not constant in time. Since however 


| ° PW, t)aV 


A AE E AE E 27 a N 


should give here always a constant number of particles, this implies 
some failure to satisfy the conservation law (cf. also Wang Chang and 
Uhlenbeck 1956). Indeed, with the extreme variation of + with V in the 


acid fcit uos 
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present case, 


c 
Í P(V,t)dV 
-— 00 
would include a term of order Peq(V)/t, which increases without limit 
with. We can understand the way in which this arises with reference to 
fig. 1: the BR equation maintains the central portion of the P(V) curve, 
but at the same time allows particles with velocities just less than V to 
drift out of the scattering region, eventually to infinity. Inconsistency 
then arises because within the scattering region the BR equation assumes 
that there are always collisions occurring which restore the equilibrium 
distribution, and no account is taken of the fact that particles are being 
lost permanently from the scattering region owing to influence of the field. 
This inconsistent feature of the BR equation is quite general (unless 7 
is strictly constant), but this example happens to show up the paradox 
very strikingly. 

(2) We have an apparently unstable situation in that (V5, defined by 


( | VP(V)dV / | P( nar) 


increases without limit as ¢ increases. Because of the inconsistency just 
noted, however, we cannot believe that (V) as so defined would give us 
the actual current here. This suggests that we devise a criterion for 
stability which does not depend on the scattering probability into a parti- 
cular state, for we have seen above that it is the assumption in the BR 
equation that these collisions always tend to restore the equilibrium distri- 


bution which leads to inconsistency. We shall discuss such a criterion 
in the following section. 


$3. A CRITERION FOR STABILITY 

If we make just one rather generalized assum 

process, namely that it is M. 

unit time exist, then [90P/0t] 
the master equation : 


ption about the scattering 
arkovian so that transition probabilities per 


scatt takes the following form, often known as 


aP E 
E sealt | WV IE. O UV Y)E(Y,]8Y". (18) 


We can now quite generally} define a characteristic time T(V) for scatteri 
from any given state, such that c 


1 
—— = Ww y. 7 7 
(V) Í aan deco a) 
T The definition of 7(V) here should not 


: be conf i ; 
assumption of a BR eqn. (3) for scattering. The n ms the sweeping 
equation and the BR equation is investigated by Guéna Rr 


(1963 a). ult and MacDonald 
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Now the probability that a particle is scattered in a time dt is dt/7(V) 
where Vis the instantaneous velocity of the particle. Ifnowwe suppose that 
atl = 0 a particle has velocity u, and we define Q(t|u) as the probability that 
it lasts to time ¢ without scattering, then Q(t) must satisfy : 


ra= Quo | 1- 5 |. 9 O) 


as (u +f t) is the velocity at time ¢ of the (unscattered) particle. Equation 
(20) integrates to give: 


I (ens qr 
Q(tlu) =ex [-+| NS oe Ge ca eA 
e d luc Ae) 
(If (x) is a constantb=7, Q(t|u) reduces to the familiar Poisson form, 
QU[u) - exp (—t[7).) 
To discuss the stability of the assembly of particles, we consider a 
parameter, 0, defined by : 


wu ft 
a= Ut (| _Peatuyexp| - : 7]. ol DE (22) 


Let us note that if f is identically zero, 


0— Lt (EZO exp [=tr(w)] du) ; 


t> œ 


whereas if f is non-zero and positive we have : 


da 
99 
0= ee Peg(u Jexp| - F «[ E ja ducere cl (220) 


In view of eqn. (21) we see that 0 is the fraction of particles which remains 
unscattered even after an infinite time. It is worth stressing that, by 
concentrating on the parameter, 0, we are assuming only the master 
equation for scattering (eqn. (18)), with 7(V) defined by eqn. (19). In 
defining 6 we have made no assumptions about the scattering in to a given 
state (i.e. the second half of the integral in (18)), such as are implicitly 
(and usually inconsistently) made in writing down a BR eqn. (3). 

Let us now see what values 0 takes for one or two simple models. We 
note that as a minimal condition for stability in our elementary treatment 
it is presumably necessary for 0 to be zero. 


3.1. The Constant + Model 
In this case, and indeed for any model in which 


lm 


diverges at its upper limit, 0 vanishes for any value of f, indieating stability. 
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3.2. The ‘Cut-off r’ Model 
We now consider the model of $2.4, defined by eqn. (12). Substituting 


this into eqn. (22) to find 6, we obtain: 


Loy p-Ve -y f" 3 : 
0 —exp ( : ) Í Pog(u)du+exp ( : ) | exp (ulfr) Peq(w) du 
iz — o fr =Vo 


+ [7 Patin. LP Ven tp ME (23) 


y, 


Wo note that: (a) for fr» V, we have 0— 1, and (b) for fr < Vo, we have: 
oO jr : 
0= Peq(u) du (+ terms of order (F) ete.. ) : 
Vo 0 
Hence (as we would expect physically), there is no possibility of stability 
for any non-zero value of field, however small. This is in accord with the 
results of $2.4. Also for fidentically zero, eqn. (22) yields a non-zero value 
of 0 (one can readily show that ,_.)=2%y,. quite generally). This 
corresponds physically to the fact that particles which start outside the 
scattering region at ( —0 are never scattered; in this sense one would say 
bi that the model is inherently unstable. 


3.83. A Lorentz Model 


As a final, perhaps rather more realistic, model which we might also 
expect to give some instability, let us consider the case in which 1 [7(V) 
varies with V in the so-called Lorentzian manner, namely : 


CHR. seal nee 24 
A) o 0020 9 
where z; and V, are constants, A little analysis gives for this model: 
Ozola ENNE a a 
exp ( ofr, 350m po T Peq(u) du, . (25) 


Lorentz 


f 


Rough sketch of the field variation of the 
parameter @ 
Loren qnod m T 0 for the cut-off and the 
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At high fields, such that fr, > Vz, eqn. (25) again yields 0—1. At low 
fields, fr, < Vi, we find that 


oo 
Os Peq(u) du, 
Vy 
where 
2 
VE ue 
fr; 

We note that as f tends to zero (and also if f is identically zero), 0 vanishes 
and we can have stability. This is in marked contrast to the form of 0 
calculated from the cut-off model, and the two models are compared in 
fig. 2. We note also that for small but non-zero fields, 0 is not precisely 
zero for the Lorentz model, although it is very small indeed because Peq(u) 
decays exponentially with w?. 


$4. CONCLUDING REMARKS 


This last example raises the interesting problem of what precise criterion 
for physical stability one would be forced to adopt in a more sophisticated 
approach. If @is not exactly zero, but only say 10-15, is this situation to be 
considered a stable one, or could that 10-1 fraction of the particles ‘ short- 
circuit’ the ones that are scattered? We should notice moreover that 
even the smallest admixture of a constant term in r to either the cut-off 
or Lorentz model will reduce 0 to zero, and a steady state should always 
be reached. 

As envisaged earlier, we see that instability within our terms of reference 
may arise if the relaxation time, 7, increases with V. However a certain 
minimum rate of change of r with V at large V is necessary. In particular, 
a limiting situation arises if we set 


ES lv, 


eq - EVAL: 


where 7, and V, are constants. Then we find readily that when / is large 


and hence 0—0, so that strictly for all values of f, stability should prevail. 
Any more rapid variation of 7 with V would indicate instability. 

Finally, our definition of 0, dependent only—and deliberately 80—on the 
behaviour as t-> co and on those particles which are not scattered at all 
is almost certainly too naive to be immediately applicable to any realistic 
problem. Part at least of the difficulty lies in providing an adequately 
sharp physical definition for instability. 
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ABSTRACT 


Self-diffusion measurements in pure, polycrystalline iron have been 
carried out in the temperature ranges 860 to 900?c and 1150 to 1515°c. 
These include parts of the paramagnetic « phase (b.c.c.), and of the y phase 
(£.c.c.), and the whole of the 8 phase (b.c.c.). Tho isotope 55Fe was used 
and diffusion zone analysis was carried out by autoradiography. The follow- 
ing expressions for diffusion coefficients, D, have been deduced from least 
squares analyses of the results: 


b.c.c. paramagnetic « Fe, D=2-0 exp (—57 300/RT) em?[sec 
f.c.c. y Fo, D —0:2 exp (—64 000/RT) 
b.c.c. 8 Fe, D=6'8 exp (—61 700/RT) 5 
Within experimental error, the results for the two b.c.c. phases fit the single 
relation D=1-2 exp (—55 800/77) em?[sec, 772 860?c. They suggest that 
there is no appreciable diffusion effect of magnetic ordering extending well 
above the Curie temperature, of the kind recently suggested by Borg et al. 


” 


$1. INTRODUCTION AND EXPERIMENTAL METHODS 


Tars study was made concurrently with investigations of tracer diffusion 
in other b.c.c. transition metals, particularly B'Ti, which have yielded 
certain unusual results (Peart and Tomlin 1962, Gibbs et al. 1963). It was 
considered desirable, in establishing the validity of these results from the 
experimental point of view, to carry out similar measurements on a well- 
studied diffusion problem. This gives a basis for comparing our results 
with those of other workers. Self-diffusion in iron was chosen because 
although there is general agreement among a number of different investi- 
gations, some important discrepancies remain as a justification for further 
study. 

The material used was 99:998% pure Johnson Matthey iron in which 
grain sizes of the order 2mm were obtained by initial annealing treatments. 
The isotope 55Fe was used as the tracer, and since the detectable radiation. 
consists only of the Mn K x-ray following K-capture, the autoradiographic 
method of concentration analysis described in earlier papers (Peart and 
Tomlin 1962) was used. The isotope was deposited onto the ends of lem 
diameter cylindrical specimens by electrolysis. 

A molybdenum crucible was used for the heat treatments, the specimens 
being protected from contamination by contact with 


it, by a wrapping of 
05mm thick pure iron foil, and a further ae 


one of 0-1mm tungsten foil. 
P.M. 
5N 
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Titanium turnings were placed in the open end of the crucible to act as a 


getter, and so reduce the risk of contaminating the specimens with oxygen, 
or nitrogen. A ‘crusilite’ (SiC) element furnace was employed, with an 
alumina vacuum tube into which the crucible could be inserted and sub- 
sequently removed while the furnace was held at controlled temperature. 
Temperature measurements were made with a calibrated Pt-Pt + 13% Rh 
thermocouple, and the measuring equipment checked by melting-point 
determinations. The accuracy of the measured temperatures was estimated 
at +3°. Argon atmospheres at 200mm Hg pressure were used in the fur- 
nace at temperatures higher than 1300°c in order to suppress the evapora- 
tion of iron which was observed to occur in vacuum at such temperatures. 


SE EE EES 


$2. RESULTS AND DISCUSSION 
Figure 1 shows a typical concentration distribution measured after 


diffusion by microdensitometry of an autoradiograph, and table 1 gives 
diffusion coefficients determined from the gradients of such log C-a? plots. 


T Table 1 
SS a a ur EE 
Phase | Temperature (°c) zm 5 

863 2-18 x 10-11 

x 880 3:04 x 10-1 

899 4-75 x 10-1 

1156 3:60 x 10-1 

» 1235 1-07 x 10-19 
1309 2-93 x 10-10 
1349 5:41 x 10-10 

1407 6-33 x 10-8 

1419 7-39 x 10-8 

D 1443 8-57 x 10-8 

1471 1-11 x 10-7 

1494 1:62 x 10-7 

1515 1-99 x 10-7 


In fig. 2 we have plotted log, D-1 [T relations for th 
present work (G.T.) is compared with that of B 
) : : uffington et al. (1 
(B.H.C.), Borg et al. (1962) (B.L.K.), Staffansson p WU 
(S.B.) and Borg and Birchenall (1960) (B.B.). Values of activation p 


Q and frequency factor D, r i 
; uenc) o resulting from th i igati 
summarized in table 2. š eon sare 


The G.T. and B.H.C. results are in excellent 
both Q and D, values for « and y Fe, and also the s 
measured by B.H.C. in the 8 phase. 
exists in regard to individual D values 
the y phase. 


e three phases, and the 


Agreement in regard to 
ingle diffusion coefficient 
Only a small systematic difference 
, the greatest being about 30%, in 
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Fig. 1 


x’ Cm? x 104) 
4 


[9] 
log CCo 


-0.5 


-2.0 


U 8 9 IO 

x (cm x10") 

Reproduction of microdensitometer plot with a smoothed curve fitted to it. 
The linear plot is derived from the smoothed curve. 


We also agree well in this respect with the B.L.K. data in ô Fe, and in 
view of the small available temperature range, the differences in activation 
energy and frequency factor given in table 2 are not of great significance. 
B.L.K. quote a possible error of + 3kcal/mol in their value of Q, and a 
similar uncertainty applies also to the present G.T. result. 

There appears to be a significant discrepancy between the B.B. and the 
combined G.T. and B.H.C. results for paramagnetic «Fe. Similarly, 
in the 8 phase, the S.B. data differ appreciably from the combined G.T., 
B.L.K. and B.H.C. results. 


Table 2 


Dy cm?/sec | Q kcal/mol | Temp. range | Reference 


LI 
rum 
[r2] 


796- 895 B.B. 
809- 905 B.H.C. 
863- 899 G.T. 


1064-1349 B.H.C. 
1156-1349 G.T. 


1404-1518 S.B. 
1413-1507 B.L.K. 
1407-1515 G.T. 


JN q 
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on 8 Fe and the earlier study of Borg 
(1962) conclude that 


ation energies for the 
gh they refer to the 


On the basis of their recent work 
and Birchenall (1960) of the œ phase, Borg et al. 
there is a significant difference between the activ 
two b.c.c. modifications, § and paramagnetic a. Althou 


Fig. 2 


= 8-6 8.8 .O É 
9 log; D 2 22 9-4 


627764 766 68 70 72 714 78 


56 57 5.8 59 6.0 


Logi, D-1/T plots of various data for s iffusi 
í ; j elf-diffusion i 
Points marked x define the relation o. ON SEO 
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one measurement of Buffington et al. (1961) in the 8 region as being in agree- 
ment with their results, these authors do not appear to consider the B.H.C. 
data for paramagnetic œ Fe in coming to this conclusion. 

We believe that there is now a reasonable body of evidence to support 
the view that self diffusion in b.c.c. 8 and paramagnetic « Fe, that is over the 
temperature ranges 850?c to 900?c and 1400?c to the melting point, is 
governed by a single equation of the form D=D,exp(—Q/R7) with 
unique values of .Dy and Q. Using a least squares analysis we have 
combined our present data for these two phases to obtain the results 
Do=1-2 em?/sec, @=55-8 kcal/mol. The points marked x in fig. 2 define 
the straight line with these parameters. It can be seen that it is reasonably 
well fitted by the G.T. and B.H.C. data in paramagnetic « Fe, and by the 
G.T., B.L.K. and B.H.C. data in 8 Fe. 

Both Borg and Birchenall (1960) and Buffington et al. (1961) observed 
changes in the self-diffusion parameters of œ Fe in passing through the 
Curie temperature (770?c). The large difference between the activation 
energies for the paramagnetic œ phase and the 8 phase which emerges from 
the work of Borg and Birchenall and of Borg ef al. (1962), suggests that a 
magnetic ordering effect on self diffusion extends well above the Curie 
temperature, possibly a few hundred degrees. The present results do not 
indicate such extended effects, and are much more in accord with the 
conclusion of Buffington et al. that the influence of magnetic ordering is 
small beyond about 20° above the Curie temperature. 


ACKNOWLEDGMENTS 


One of us (D. G.) wishes to acknowledge support from the Department 
of Scientific and Industrial Research, and we would like to thank 
Mr. D. Harris for valuable technical assistance. 


REFERENCES 


Bore, R. J., and BIRCHENALL, C. E., 1960, Trans. Amer. Inst. min. (metall.) 
Engrs, 281, 980. 

Bore, R. J., Lat, D. Y. F., and Kruxorray, O., 1962, U.C.R.L. Rep. 6865, 
University of California, Livermore. 

Burrineton, F. S., Hirano, K., and Cowen, M., 1961, Acta Met., 2, 434. 

Gress, G. B., GRAHAM, D., and Tomun, D. H., 1963, Phil. Wag., 8, 1269. 

Prart, R. F., and TowrtN, D. H., 1962, Acta Met., 10, 132. 

STAFFANSSON, L. I., and BIRCHENALL, C. E., 1961, A.F.O.S.R. Rep., p. 733. 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


LT ee Ne Tr 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
[ 1587 ] 


CORRESPONDENCE 


Promoted Field Desorption and the Visibility of Adsorbed 
Atoms in the Ion Microscope 


By Gert Exrutcu and F. G. Huppa 
General Electric Research Laboratory, Schenectady, New York 


[Received 17 April 1963, and in revised form 27 May 1963] 


A number of adsorbed gases, among them oxygen (Miiller 1960, 1963), 
nitrogen (Ehrlich and Hudda 1960, 1962), and carbon monoxide (Ehrlich 
1963) have been observed in the ion microscope ; however, efforts to 
detect the simplest adatoms, hydrogen, have in the past failed (Müller 
1960). In a closer study of the adsorption of hydrogen we have now 
found that during operation of the ion microscope there occurs a serious 
perturbation of the surface layer, involving the image gas. Since this 
affects the applicability of the microscope to surface studies in general a 
brief report of our findings appears in order. 

Two requirements must be met for direct observations with the ion 
microscope: (1) the adsorbed entity must be stable during image 
formation ; this requires a field on the order of 4-5 v/å with helium as 
image gas; (2) the adsorbed material must affect the field ionization of 
the image gas by altering the local electronic potential at the surface. 

Using field emission of electrons to monitor the state of the adsorbed 
layer and working under ultra-high vacuum conditions, we have found that 
on a tungsten surface at temperatures in the range 20°<7<177°K, a 
concentrated film of hydrogen (estimated at roughly half a monolayer) is 
maintained when fields of ~4-5v/A are imposed for several minutes. 
Desorption is complete only at fields at which the tungsten itself is 
removed. Although hydrogen is strongly enough adsorbed to withstand 
the electric field required for image formation, the helium ion image of an 
initially clean tungsten tip (shown in fig. 1 (a)) appears unchanged after 
the surface is covered with hydrogen. No auditional emission centres 
are visible in fig. 1 (b), after adsorption, and with the exception of one or 
two tungsten atoms the surface is undisturbed. 

This inability to detect hydrogen atoms does not prove that they 
are invisible to the helium ions. The concentration of hydrogen on the 
surface immediately before as well as after the ion pieture in fig. 1 (b) 
was checked by field emission of electrons (in the absence of helium). 
As appears from the electron images in fig. 2, the concentrated hydrogen 
layer withstands a field of 4-4 v[ À. After taking the ion image, however, 
this layer is absent and the tungsten surface is again completely clean. 
Despite its stability when exposed to high fields in a vacuum, hydrogen is 
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Helium ion image of tungsten. Radius ~300 4 : 
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after adsorption of hydrogen. gsten, (b) same surface 
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removed during image formation and is therefore not detected in the ion 
| microscope. Indeed, hydrogen removal is already complete at 80% 
; of the best image field. 

These observations establish that field desorption is promoted by helium 
without, however, allowing an immediate identification of the mechanism. 
| In forming an ion image, helium atoms accelerated by the inhomogeneous 
field strike the emitter surface with an energy of 0-15 ev. The temperature 
rise under this bombardment is negligible and the energy transferred to 


| ieee 
| Fig. 2 
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Electron field emission photographs of tungsten after hydrogen adsorption and 
| ion microscopy. (a) Clean emitter, immediately prior to ion image 1 (a) ; 
| V —applied potential (in volts) required for 5 x 10-? amp emission — 720. 
(b) After exposure to hydrogen with surface at T7~20°x; V=860. 
(c) Emitter with hydrogen layer after 7 min at applied potential (sereen 
negative with respect to tip) of 9x 10? v, no helium; V —850. Photo- 
| graph taken just before 1 (b). (d) Clean surface immediately after 
| ion image 1 (b); V=720. ; 
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an adsorbed hydrogen atom in any individual collision is small compared 
to the desorption energy (~3-25 ev), even when this is lowered by the 
applied field. Tt therefore appears unlikely that a mechanism depending 
upon the interaction of atomic helium with the surface can account for the 
observed desorption. 

Significant changes in the adsorbed hydrogen layer are observed with 
helium as well as neon at low fields at which ions are first detected. The 
ions themselves, created at or beyond the edge of the forbidden zone 
(for helium the critical distance is ~4A4 from the image plane), can be 
expected to have little effect on the adsorbed layer. Moreover, we have 
been able to remove the adsorbed hydrogen with argon introduced into 
the microscope while the field is set at ~4-6 v/A. At these fields argon 
atoms should be ionized and swept away before they can get close to the 
observed portion of the tip. 

A more important contribution is likely from electron, bombardment 
during operation of the microscope. Electrons arise in three different 
processes : (1) as the image is recorded secondary electrons are liberated 
at the fluorescent screen by the impinging ions ; (2) ions travelling toward 
the sereen may, on colliding with a gas atom, release an electron ; and 
(3) when field ionization occurs beyond the critical distance, electrons 
tunnelling out of the image gas acquire some kinetic energy before 
striking the surface (Young 1960). 

The first two mechanisms do not appear dominant in promoting field 
desorption. Measurements have been carried out in a microscope tube 
with all accelerating electrodes shielded by fine-meshed grids. In normal 
operation secondary electron emission from the grids amounted to only 
10% of the total. When biased at — 135 v, emission of secondaries from 
the electrodes was suppressed without, however, suppressing the desorp- 
tion of adsorbed hydrogen in the presence of the image gas. 

Field desorption of hydrogen is promoted by the image gas at pressures 
such that the mean free path is many times the spacing between tip and 
screen. Under these conditions, the number of electrons formed by 
ion-atom collisions in the gas phase is negligible compared with the total 

lon current. It is bombardment by low energy electrons arising in the 
field ionization of the image gas that seems primarily responsible for the 
promoted field desorption of adsorbed hydrogen. 

Enhancement of field desorption by the image gas is not limited to 
hydrogen. For dilute layers of oxygen, carbon monoxide, and nitrogen 
on tungsten at ~20°x, the rate of field desorption in a vacuum only 
becomes appreciable at fields higher than 4-8, 4-5 and 4v[À. In the 


presence of helium, significant changes already appear at 4 v/&. These 


are less dramatic than for hydrogen. With the heavier gases portions of 
the adsorbed layer remain on the surface and are visible in the ion micro- 
scope. However, promoted field desorption is quite a general effect and 
may participate in an important way in many of the unique chemical 
reactions observed in the ion mieroscope (Müller 1960) 
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Indeed, electron bombardment rather than simple field desorption 
appears to be the limiting factor in the ion microscopy of adsorbed 
entities as presently carried out. This bombardment is minimized by 
reducing the image current, and electronic image intensification can there- 
fore be expected to significantly enhance the range of the ion microscope. 
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Vapour Growth of Cadmium Telluride Crystals 
in the (111) Polar Directions 


By Iwao Teramoto and Monro INOUE 


Research Laboratory, Matsushita Electronics Corporation, 
Takatsuki, Osaka, Japan 


[Received 25 April 1963, and in revised form 10 June 1963] 


OBSERVATIONS of growth spirals on cadmium telluride crystals have 
been reported earlier (Teramoto 1963), giving further experimental 
evidence to support Frank’s theory (1949) of crystal growth depending 
upon screw dislocations. In the previous paper some descriptions were 
given on the growth of triangular pyramids on platelet crystals grown 
from the vapour phase and on the growth patterns on the {110} surfaces. 
The present paper gives additional explanations of the results on the 
basis of the concept of the crystallographic polarity in the zincblende 
structure. 

Cadmium telluride has a zincblende structure, which belongs to the 
cubic non-centro-symmetric space group F 43m (Td?) When it is 
viewed from a direction perpendicular to the (111) axis, the atomic arrange- 
ment projects into a series of double layers of cadmium and tellurium 
atoms. There are some physical differences between the [111] and [111] 
directions in the crystal. Since corresponding differences might exist 
in the growth process of cadmium telluride crystals from the vapour, as 
shown in a growth pattern on a (110) surface (fig. 1), an experiment 
was performed to compare the growth rates on opposite (111) and (111) 
faces. 

Cadmium telluride powder was sublimated in a stream of nitrogen 
gas and deposited on the (111) and (ITI) surfaces of seed crystals at a 
temperature of about 650°c. The seed crystals were cut from single 
crystals prepared by the Bridgman method from the melt and the surfaces 
were ground with diamond paste. Optical microscopic observations 
revealed a substantial difference in the growth on the (111) and (TIT) 
substrates, as shown in fig. 2 (a) and (b). On the (111) plane many 
triangular pyramids grew with the density of approximately 105/cm?, 
while on the opposite (TIT) plane the growth hillocks occur less frequently, 
are very irregular and are terminated at the tops in flat plateaus. Growth 
of the triangular pyramids parallel to the (111) surfaces of the substrate 
occurs faster along two opposing (211) directions than along other 
directions, consequently the basal triangles of pyramids have apexes 


oriented along both directions of [211] and [211] and sides oriented along 
(110) directions. 2 
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Fig. 1 


Growth pattern on (110) plane. (x 510.) 
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Growths of the pyramids and the hillocks on (111) and (IIT) faces, 
respectively, show the consistent polarity with the crystal morphology 
of natural zine oxide crystals (Mariano and Hanneman 1963). It can 
be concluded that the difference in growth observed between (111) and 
(III) surfaces causes an unambiguous anisotropy in the growth pattern 
on the {110} surface, as shown in fig. 1, which has only one axis of 
symmetry. The pattern is convex to a [100] direction and flat to the 
opposite [100] direction. This fact implies that the growth rate is 
higher in [111] directions than in [111] directions. 


Fig. 3 
o Cd 
extra half plane e Te 
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Atomic model showing two types of 60° edge dislocations intersecting the 
(111) surface. Steps associated with the 60° edge dislocations are 
indicated. On the (111) surface, two triangles are drawn schematically 
whose sides are parallel to «110» directions and apexes are oriented 
along [211] and [211] directions. 


The two kinds of pyramid orientations on (111) planes, rotated by 
180° relative to each other, were at first suspected to be brought about 
from twinned structures formed by a 180° rotation about twin axes (111). 
A three-fold symmetry, however, was given by Laue photographie 
examinations with the x-ray beam normal to the (111) surfaces of platelet 
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crystals with both kinds of pyramids. This result indicates that twinning 
is not present in these crystals, no more than in the dodecahedra crystals 
grown by Linch (1962). An alternative possibility of pyramid growth may 
be that the opposing orientations are related to two types of 60° edge 
dislocations associated with considerable screw components in the 
zincblende structure. Besides, Cottrell (1956) has suggested that it is 
not always necessary for the dislocations to be of screw type. The 60° 
edge dislocation can provide steps with a height of a/2(110) for growth 
on (111) surfaces because the Burgers vector of the dislocation, a/2 (110), 
inclines obliquely to the surfaces, as shown in fig. 3. In monatomic 
crystals with a diamond structure, such as silicon and germanium, 
positive and negative 60° edge dislocations exist in the same form, whereas 
in cadmium telluride crystals each dislocation exists as a Cd (or «) or a 
Te (or B) dislocation because of the crystallographic polarity and thus 
can be distinguished one from another by etch pit patterns (Inoue et al. 
1963). Inoue et al. (1962) have shown that the orientation of etch pits 
for Cd dislocations on a (IIT) surface can be obtained by a rotation of 
that for Te dislocations on the same (111) surface. It may be probable 
that the two types of 60° edge dislocations with opposing screw components 
can provide the different orientations, at a relative angle of 180°, corres- 


ponding to the two directions of insertion of extra half planes as shown in 
fig. 3, for nucleation in crystal growth. 
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Vacuum Evaporated Silicon Layers Free from Stacking Faults 


By G. R. BOOKER 


Cavendish Laboratory, University of Cambridge, Cambridge, England 


and B. A. UNVALA 


Engineering Laboratory, University of Cambridge, Cambridge, England 
[Received 30 July 1963] 


CONSIDERABLE interest has recently been centred on the growth of 
expitaxial Ge and Si layers by vacuum evaporation. This is mainly 
because of the versatility of the technique, and its potential application 
to multi-layer devices, heterojunctions and new types of microcircuits. 
However, such layers usually contain large numbers of crystallographic 
defects in the form of stacking faults (Haase 1962, Haidinger and 
Courvoisier 1963, Hale 1963, Unvala 1963). Although these defects by 
themselves do not appear to have very much effect on the electrical 
properties of devices made from such layers, they can act as nucleation 
sites for precipitation, and hence reduce the reliability of the devices. 

The authors have found for Si that by suitably controlling the growth 
conditions during evaporation, layers completely free from stacking- 
fault defects can be grown. Thus, when Si is evaporated onto single 
crystal Si substrates at approximately 1200?c, the main requirement is 
to increase the deposition rate beyond approximately 1 micron/minute. 
However, there is a limit to which the deposition rate can be increased, 
for the Kikuchi lines in transmission electron diffraction patterns ulti- 
mately broaden, from which it may be deduced that the overall crystalline 
perfection of the layers must ultimately decrease. 

A high deposition rate is thought to eliminate the stacking-fault defects 
because the dislocation loops which usually occur in the neighbourhood 
of the substrate/layer interface (Booker and Unvala 1963), and from 
which the stacking-fault defects arise (Booker and Unvala 1963), do not 
form. The reason for the loss in crystalline perfection is not yet 
understood. It may be due to misalignment of individual growth 
centres, or the trapping in of large numbers of point defects. 

The observations suggest that vacuum evaporated layers of extremely 
high crystalline perfection can be obtained by starting the deposition at 
a fast rate in order to initiate growth without stacking-fault defects, and 


then continuing the deposition at a slower rate in order to ensure high 
erystalline perfection. 


P.M, 


50 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


1598 Correspondence 


REFERENCES 

BookzgR, G. R., and Unvata, B. A., 1963, reported at Electron Microscope 
Conference, Cambridge, July (London: The Institute of Physics and 
The Physical Society). 

Haase, O., 1962, Metallurgy of Semiconductor Materials, Los Angeles, August, 
1961, AIME Metallurgical Society Conference (New York : Interscience 
Publishers Inc.), 15, 159. 

HAIDINGER, W., and Courvoister, J. A., 1963, Le Vide, No. 104, 141. 

Haun, A. P., 1963, Vacuum, 18, 93. 

Uxvara, B. A., 1963, Le Vide, No. 104, 109. 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


sce OPER ec cc e 


e eue CUI TEMO Lei Lies 


iiia rr i ed ck eno erae tt di 


—————— € 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


[ 1599 ] 


Independent Slip Systems in CsCl-type Crystals 


By S. M. CoPLEY 
Ceramic Laboratories, Department of Mineral Technology, and 
Inorganie Materials Research Division, Lawrence Radiation Laboratory 
University of California, Berkeley, California 


[Received 2 August 1963] 


IN a recent paper, Groves and Kelly (1963) examined the slip systems 
observed in a number of simple ceramic materials to see whether they 
allow the crystal to undergo an arbitrary strain without change in volume. 
In this paper they stated that the slip systems in CsCl-type crystals were 
the (10014010) referencing a paper by Rachinger and Cottrell (1956). 
Actually, Rachinger and Cottrell showed that slip occurs on the (110) (001) 
slip systems in CsCl-type crystals which tend toward ionic bonding 
such as the thallium halides, LiTl, MgTl, AuZn, and AuCd, while in the 
case of CuZn, in which bonding is of metallic character, slip occurs on the 
(110111) slip systems. Johnson and Pask (1963) have recently shown 
that in CsBr slip occurs on the (1101 (001) slip systems. 

The (11044001) yield three independent slip systems and, thus, a 
general deformation is not possible. Extensions parallel to the crystal 
axes cannot be produced. There are 16 ways of choosing the three 
independent slip systems from the six physical slip systems. The 
(110 111) slip systems are the same as found in b.c.c. metals and are 
diseussed by Groves and Kelly in their paper. 


ACKNOWLEDGMENTS 


Iam grateful to Dr. J. A. Pask with whom I have discussed this paper. 
This work was performed under the auspices of the U.S. Atomic Energy 
Commission. 


REFERENCES 


Groves, G. W., and Katty, A., 1963, Phil. Mag., 8, 877. 

Jomwsox, L. D., and Pasg, J. A., 1963, Mechanical Behavior of Single-Crystal 
and Polycrystalline Cesium Bromide, Report UCRL-10468 Rev., 
Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
University of California, Berkeley. 

RACHINGER, W. A., and COTTRELL, A. H., 1956, Acta Met., 4, 109. 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
[ 1601 ] 


Variation of Electrical Resistance of Sodium Nitrate 
with Temperature 


By S. SRINIVASAN 
Indian Institute of Technology, Madras 36, India 


[Received 5 July 1963] 


X-ray diffraction studies on the diffuse background (Siegel 1949) in 
sodium nitrate single crystals reveal the setting in of the rotational 
disorder of the nitrate group at 275°c. Thermal capacity measurements 
(Bergmann 1953) indicate an endothermal transformation at 275-280°c 
A change in elastic constants (Kornfeld and Chudinov 1957 and 
Dzyaloshinskii and Lifshitz 1957) is also observed at 275-5°c. 
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The electrical conduction in sodium nitrate is due to the migration of 
point defects of ionic character. Hence any disorder in the lattice confi- 
guration must reveal itself in its electrical conductivity. Hence a study 
of the electrical resistance of single crystals of sodium nitrate at different 
temperatures up to temperatures above the transformation point was 
undertaken. : : 

Single erystals grown from melt of the salt (E Merck AR grade purity) 
were used. Graphite paint ensured good electrical contacts. The 
crystals chosen for study were kept inside a cylindrical brass block with 
another brass cylinder pressing on it. The electrical leads were taken 
out of the brass cylinders. The entire arrangement was kept in a furnace 
whose temperature was maintained constant within + 1°c. 

Measurements were made with a general radio d.c. electro meter (type 
1230 A). The logarithm of resistance was plotted against the reciprocal 
of absolute temperature (figure). 

The experimental curve in all the three specimens studied consists of 
three parts : a low temperature region AB to the first knee B, representing 
the impurity conduction, a second region BC, for the intrinsic conductivity 
region, and a third region CD from the second knee C. The first two 

are akin to the usual plots for ionic conductors. The activation energies 
are 0:35, 3-0 and 0-9 ev for the three regions AB, BC and CD respectively. 

The third region sets in at 275-285°c (1000/77 —1-815-1-79). It is 
obviously due to the setting in of the hindered rotation of the nitrate 
group whieh has been reported at this temperature. Possibly, the 
rotation of the planar nitrate triangles results in a redistribution of the 
electrostatic field which in turn affects the activation energy of migration 
of the lattice vacancies. A theoretical estimate of the change would 


require an exact knowledge of the type of conducting mechanism. 
Similar studies on other cry: 


stals exhibiting transformations are being 
undertaken. 
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REVIEWS OF BOOKS 


Lasers : Generation of Light by Stimulated Emission. By Bria A. LENGYEL. 

(John Wiley & Sons, 1962.) [Pp. 136.] Price £2 15s. 0d. 

Tue author's intention was to write a short book that would serve as an intro- 
duction to laser theory and technology. This he has successfully done, whilst 
at the same time providing those working in the field with a useful reference 
source. For such has been the profusion of publications on this subject that 
it is extremely useful to find many of their salient features summarized in 
one book. 

With a subject that is growing as rapidly as lasers it is impossible to produce 
a book that will be up to date when published, and for an introduction to subjects 
such as semiconductor lasers the reader must search elsewhere. 

The book starts, most usefully, with a chapter devoted to definitions and 
formulae, which will be of great value to any reader not conversant with the 
theory of radiation and its interaction with atomic systems. Most of the book 
is devoted to a mixture of simple laser theory, interspersed with descriptions 
of the early solid state and gaseous lasers. The theoretical topics discussed 
include the condition for oscillation, the line width of the oscillation, cavity 
problems, and methods of obtaining population inversion in both gases and 
solids. 

The book ends with a short chapter on the applications of lasers and a 
statement of current problems, followed by a useful list of references. 

To sum up, this is a book with a wide appeal; it is a pity therefore that its 
rather high price will put it out of the reach of many who could usefully 
benefit from owning a copy. D. M. CLUNIE 


Masers and Lasers. By Gorpon Trove. Methuen Monographs on Physical 
Subjects. (Methuen & Co. Ltd., 1963.) [Pp. 192.] Price 18s. 


Tris is the second edition of the author's book on masers, which has been 
brought up to date by a change in title and the addition of some new material. 
However, in spite of the title, the emphasis still remains on masers, the sections 
dealing with lasers being fairly brief. 

Much of the book is concerned. with the theory of masers, but as maser and 
laser theory are in many ways similar this should widen the book's appeal. 
In short, this book can be regarded as a cheap introduction to masers and 
lasers. D. M. CLUNIE 


Nuclear Reactions. Vol. II. Edited by P. M. Expr and P. B. Surrg. (North- 
Holland Publishing Company, 1962.) [Pp. 542.] Price £5 10s. Od. 


Tuis book is the second and concluding section of this review of low energy 
nuclear physics, the first volume of which appeared in 1958. At that time 
advanced research texts of this sort were rare and so the first volume filled a 
real need and has remained valuable. Inevitably the second volume is some- 
thing of a grab-bag, since many topics adequately reviewed elsewhere are left 
out. Chapters on Nuclear Vibration theory, on Giant Photonuclear Resonances, 
on Nuclear Fission and on Nanosecond Techniques make up about half the 
volume. The latter chapter suffers severely from the fact that in the two years 
since it was written, many major ‘ breakthroughs’ in fast time-of-flight 
techniques have been made. The fission and giant resonance chapters are 
clear and useful reviews of the subjects. The remaining half of the book is 
taken up with a lengthy table of coefficients for use in the analysis of triple 
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correlations. Dr. Philip Smith has devised a rather straightforward formulation 
of this problem which makes the extraction of spins from correlation. experiments 
quite easy using a modest computer. Whether it was wise to publish this table 
in a general textbook rather than as a separate report is questionable. However, 
this book combined with the first volume constitutes a unique collection of 
useful nuclear information. E. B. PAUL 


Parametric Resonance : An Introductory Monograph. By Grorcn E. PAKE. 
(W. A. Benjamin Inc., 1962.) [Pp. 205.] Price $4.95 paper bound, $6.95 
cloth bound. 


Proressor Pakr has written an introductory monograph on Paramagnetic 
Resonance which is intended for scientists who have some training in quantum 
mechanics but whose fields of specialist research may range from solid-state 
physies, through biology, engineering and chemistry. This is a very difficult 
task to undertake and I think Dr. Pake is to be congratulated on his attempt. 
He has written a friendly book in a persuasive style which tries to show the 
research worker how to use the underlying theory of paramagnetic resonance 
phenomena. The theory given is in general neither rigorous nor complete, but 
it is the kind of approach which experimentalists usually find helpful. On 
the other hand, the treatment of the experimental methods for observing 
à paramagnetic resonance absorption lines is thin, and it is unlikely that any 
reader will be able to set up a satisfactory apparatus with the aid of this book 
alone. By and large this book probably succeeds in persuading the reader 


d that there is something to discuss and derive from paramagnetic resonance 

à spectra, but I wonder if it will stimulate a worker who is not already in the 
field to such an extent that he will actually try to observe an absorption 
line ? D. M. S. BAGGULEY 


Cosmic Rays. By T. E. CRANSHAW. (Oxford Universit ] 
ue nr ( sity Press, 1963.) [Pp. 

Tuts book provides an introduction to the whole field i i 

i I a t of cosmic-ra 
It is written at a level suitable for week-end reading by second UE 
university physies students and at the same time could be read with oft 
4 by physicists working in other fields who wish for a brief review 2 
„In the first chapter the primary radiation is discussed. The interaction of 
high energy particles of the cosmic radiation in the atmosphere is discussed 
e Parent on a at high energies ' and * Extensive air shower 
while hypotheses as to the origin of the radiation i uaa ds 
Obapier IT and local time variations in Chapter V UE BRE Bae 
osmice Rays is to be recommended as a clear and c i 

Ra a omprehens e ith- 
a good bibliography. However, developments in the Put Gu. ae 
are in general not discussed : for example, studies of the -meson eee 
are Es only in connection with extensive air showers and a a 
rapped radiation belts written with the lucidity of the rest ; auld 
3 have been valuable. : us E E. PE nd 
M. G. BOWLER 


[The Editors do not hold themselves responsible for the views 
expressed by their correspondents. | 
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Electron Microscopy and Diffraction of Twinned Structures 
in Evaporated Films of Gold 


» By D. W. PasunrEv and M. J. STOWELL 


'Tube Investments Research Laboratories, 
Hinxton Hall, Cambridge 


[Received 3 May 1963, and in revised form 29 June 1963] 


ABSTRACT 


Transmission electron microscopy and diffraction have been used in a 
study of single crystal and polycrystalline gold films prepared by evaporation. 
The specimens include films in (001) orientation containing many {111} 
microtwins, and films in (111) orientation having a pronounced twin related 
double positioning structure. The electron diffraction patterns from these 
films contain some well-known anomalous spots which are not immediately 
interpreted in terms of the twinning. Dark field electron microscopy reveals 
that in the (001) film the extra spots arise from the twin boundaries, and that 
double diffraction is an adequate and likely explanation of their origin. 
Similarly, the anomalous spots from the (111) films arise from the double posi- 
tioning boundaries, but double diffraction does'not provide an adequate 
explanation in this case, and the effect of the imperfect nature of the double 
positioning boundary is considered to be important. 

Extra rings observed on polycrystalline diffraction patterns can be explained 
in terms of the effects at twin boundaries, and it is considered that previous 
interpretations of these extra rings in terms of the presence of hexagonal 
close-packed metal are not justified. 


$1. INTRODUCTION 


SINGLE crystal metal films in (100) orientation are formed, when a variety 
of different face-centred cubic metals are deposited by vacuum evapora- 
tion onto the cleavage surface of heated alkali halide crystals (particularly 
rocksalt) Lassen (1934) and Lassen and Bruck (1935) were the first to 
study the system, and they used electron diffraction to determine the 
orientation of the deposit. In addition to the diffraction spots due to 
the (100) metal orientation, extra irrational spots are observed, and these 
are largely explained by the presence of many microtwins on the four 
{111} planes of the metal. Not all of the irrational spots can be explained 
directly as the result of twinning, however, and many workers have 
subsequently confirmed the observation of these extra spots. Various 
explanations for the origin of the extra spots have been put forward 
(see, for example, Menzer (1938 a, b, c) and Goche and Wilman (1939)), 
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but the simplest and most plausible is that given by Thirsk and Whitmore 
(1940) who suggested that they arise from double diffraction. Thus 
electrons diffracted first in the (100) oriented matrix and then diffracted 
again in one of the microtwins will give rise to the observed extra spots. 
This explanation has recently been considered further by Burbank and 
Heidenreich (1960) who have studied permalloy (809/ Ni, 2076 Fe) films 
grown on rocksalt. They examine the intensity relationships between 
ihe normal twin diffraction spots and the extra spots and show that these 
fit well with the double diffraction hypothesis. 

Now that it is possible to examine thin oriented metal films directly by 
transmission electron microscopy, and to correlate the images of the 
microtwins with selected area diffraction patterns, further evidence on 
the origin of the extra spots can be obtained. A detailed investigation of 
the problem is reported in this paper. In particular, dark field images are 
formed with various diffracted beams, in order to locate their origin in the 
specimen. As an extension to the work, face-centred cubic metal films 
grown in (111) orientation on a mica substrate have been examined. 
Although these films do not normally contain microtwins, they usually 
contain two orientations (double positioning) which are twin related. 

When fine-grained polycrystalline films of face-centred cubic metals are 
examined by electron diffraction, it is commonly found that they give 
rise to diffraction rings additional to those due to the face-centred cubic 

i structure. These have been observed with polycrystalline evaporated 
metal films (Bahadur and Sastry (1961)), as well as with beaten gold foils 


(Hirsch et al. (1955)). In both cases the additional rings were attributed 
to a small amount of metal with a hexagonal close-packed structure. But 
it is readily shown that certain of the e 


xtra spots referred to above can 
also be attributed to metal with a hexag 


e gonal close-packed structure. It 
is therefore of interest to consider whether the additional rinos and the 
extra spots have a common origin. This possibility is now investigated. 
It is concluded that all the extra spots and additional rings can be explained 
in terms of the double diffraction mechanism first proposed by Thirsk and | 
Whitmore ( 1940), without the need fo : 


x invoking the presence of any metal 
with a hexagonal close packed structure, ; 


§ 2. SPECIMEN PREPARATION 

The single crystal specimens in ( 
prepared by depositing gold onto ] of silver pr iti 

on rocksalt and mica (Pashley 1959). ae 

and upwards in thicknes in thi | 

; i n this : | 

used in this work were in the thickness rar o a | 


deposited on rocksalt, even when the substr 
í Er im ates are | 
during deposition. Thin coherent polyery i e j 


produced by depositing gold onto random] 


| 
| 
d 
i 
| 
CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 5 | 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
T'winned Structures in Gold. 1607 


in this way. These were found to give good quality sharp diffraction 
patterns, and were therefore very convenient for the studies on randomly 
oriented films. 


$3. ELECTRON DIFFRACTION INTERPRETATION 
3.1. {111} Twinning—Primary Diffraction 
The reciprocal lattice for a face-centred cubic crystal which is twinned 
on all four {111} planes consists of the superposition of five differently 
oriented body-centred cubic reciprocal lattices. Each of the four twin 
components is obtained from the matrix reciprocal lattice by a rotation 


of 180° about a (111) twin axis. This causes a point (pqr) of the matrix 
to be transformed to the point : 


(x [ — hp + 2kq + 2lr], 3 [2hp — kq + 2lr], yee T2kq— vI), 


where (hkl) is the {111} twin plane. This gives rise to points in the reci- 
procal lattice which have irrational indices. For example, if (Akl) & (111), 


(111) +4(511) = (200) — 3(111) 
(200) ->4(244) = (T11) + 4(111) 
(244)—- (600). 


Thus the twin reciprocal lattice points either coincide with matrix points, 
or are displaced from matrix points by vectors of +4¢111). The (111) 
lines joining the matrix reciprocal lattice points are therefore divided into 
threes, but not all of these one-third points on the (111) lines of the 
reciprocal lattice are occupied by allowed twin spots. The occupied 
points can be deduced as follows. 

Consider any twin point (wv'w')= (u + 3h, vt gk, w+ 3l), where (ww) 
is a matrix reciprocal lattice point. The distance of an allowed twin 
reciprocal lattice point from the origin must be equal to that of an allowed 
matrix reciprocal lattice vector, and it can be deduced that for any two 
allowed reciprocal lattice vectors for a face-centred cubic crystal : 


(Uy? + 042 + Wy?) (U +09? + Wy?) =4N or 2N+1, . . (1) 


where AN is an integer. The value of 4N applies when w, v,, w, and 
ts, V», W are both all even or both all odd. The value 2N + 1 applies when 
Uy, Vy, W are all even and t», Vp, Wa are all odd or vice versa. Now it can 
be deduced that if u, v, w are all even, the twin point w'v^w' corresponds to a 
matrix reciprocal lattice vector with all odd indices, and vice versa. 
Therefore by substituting (w,v,w,) by (w'v^w') and (wgretv,) by (wow) in 
eqn. (1), and using the value 2N +1 for the right-hand side, we obtain 


CASED 


as the condition that (w’v’w’) is an allowed twin reciprocal lattice point : 
hu+kv+lw= +(3N +1). 


This is therefore the selection rule which determines whether a point 
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(w+ th, v + tk, w + 4) is occupied by an allowed twin spot. The arrange- 
ment of the twin reciprocal lattice points as deduced from this rule is 
plotted in fig. 1. 


3.2. {111} Twinning—Double Diffraction 


Double diffraction can occur if a diffracted beam from the matrix 
passes into a twin and suffers a second diffraction, or vice versa. In both 
cases the direction of the double diffracted beam is determined by adding 


@ Main fcc spots 


(111). twinning 


e spots 


* Extra spots 


Origin 


The reciprocal lattice for a face-centred cubic erystal, together with the extra 


points which arise from (111) twinning, and th rhi 
diffraction at twin E 2 She Ne ros a 


together the reciprocal lattice vectors correspondi 
diffractions. When the diffraction in the bud n $5 à Deed 
lattice point which coincides with a matrix reciprocal lattice opa 
extra diffracted beam is produced by the double diffraction Whe a 
diffraction in the twin arises from an allowed reciprocal lattice um the 
type (w+ 3h, v +3k, w+4l), an extra diffracted beam is produced x 
If the diffraction in the matrix arises from the (p'q'1’) E rocal 
lattice point, then the doubly diffracted beam will correspond to reci- 
procal lattice point (w+p’+th,v+¢q'+4hh, w+r +l). This may be 
written as a point (p"+4h, q" -- 35, 1" +41), where (p"q"r") coincides with 
8 matrix reciprocal lattice point. ‘Thus the extra reciprocal lattice points 
resulting from the double diffraction are also displaced from matrix 
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points by vectors of +4111). It can readily be shown, by including all 
combinations of pairs of diffracted beams for all eight values of (hkl), 
that all points of this form are permissible double diffraction points. 
Thus all the extra points marked by the smallest dots on fig. 1 are added to 
the reciprocal lattice as a result of double diffraction. This is easily 
demonstrated by shifting the origin of the reciprocal lattice (containing 
the twin spots) to the (200), (020), and (002) positions, corresponding to 
these beams acting as sources for diffraction in the twins. The super- 


position of the fowr reciprocal lattices will then contain all the points 
plotted in fig. 1. 


Fig. 2 
e . . . . LJ 

e €(020) e(2? 0) 
. . e €. . . 

e e (000) e(200) 
. e e e e. . 

e e e 
e " . . D e 


Plot of the diffraction pattern for the beam along [001]. The largest spots are 
the normal face-centred cubic reflections, the medium spots arise from 
{111} twinning, and the smallest spots arise from double diffraction at 
twin boundaries. 


In plotting these extra double diffraction points in the reciprocal lattice, 
it must be realized that they do not necessarily lead to a diffracted beam 
when they lie on the sphere of reflection. It is necessary that the sphere 
passes also through a point corresponding to a suitable primary diffracted 
beam. This condition is applied as follows. If the double diffracted 
reciprocal lattice point (p"+4h, q"+4k,r"+4)\ lies on the sphere of 
reflection, it will give rise to a doubly diffracted beam provided a point 
(abc) belonging to the first orientation (i.e. either matrix or twin) also lies 
on the sphere, and provided (p" + £h — a, q" +4k—b, r" +41—c)isanallowed 
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reflection in the second orientation. It is not, in general, necessary for the 
(p"+4h—a, q" +4k—-6, " - 30— c) point to lie on the sphere of reflection, 


3 i : 
although this will occur as well where the sphere of reflection can be 


approximated to a plane. € : 

The diffraction pattern predicted for a (001) film containing {111} 
twins when double diffraction occurs, is plotted in fig. 2. The points 
due to the twinning do not lie exactly in the (001) reciprocal lattice 
plane, so that the corresponding spots occur only if the specimen 1s tilted 


or buckled. 


@ Main fcc. spots 


e h.c.p. spots 


The reciprocal lattice for a face-centred cubic crystal, together with the extra 


points which arise from the presence of ori i 
ae p e of oriented hexagonal close-packed 


3.3. Hexagonal Close-packed Regions in a Face-centred Cubic S, 


If small regions of hexagonal close-packed metal w 
face-centred cubic matrix, they would almost certain] 
four equivalent orientations such as : 


tructure 


ere to occur in a 
y have one of the 


(0001) hexagonal parallel to (111) cubic 
with 


[1010] hexagonal parallel to [110] cubic, 


since these are the orientations for which perfect fittin 


: : g between the 
structures would occur. Further, if the hexagonal stru Eve 


cture were to occur 
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as a result of a changed stacking sequence on the cubic (111) planes, 
these are the four hexagonal orientations which would be produced, as is 
well known for cases where the two structures commonly co-exist (e.g. 
cobalt). The composite reciprocal lattice due to cubic plus these four 
hexagonal orientations (with an assumed ideal c/a ratio of 1-633) is shown 
in fig. 3, showing that all of the extra reciprocal lattice points which arise 
from the hexagonal orientations lie on (111) lines through the cubic 
(untwinned) reciprocal lattice points. The diffraction pattern which would 
be obtained with the electron beam along the cubic [001] direction is given 
in fig. 4. It includes the spots from the hexagonal structure which lie 
close to, but not exactly in, the (001) reciprocal lattice plane. Thus some 


Fig. 4 
"e ,efo20 e220) 
e e T 
e s Š e 
e eboo) *e(200) 
. n e s 
S OL e. 
$ e (J 


Plot of the diffraction pattern for the beam along [001]. The largest spots are 
the normal face-centred cubic reflections, the medium sized spots are 
allowed reflections from hexagonal close-packed metal and the smallest 
spots are forbidden hexagonal reflections which can occur as a result of 
dynamical interaction between allowed reflections. 


of these spots will occur when the specimen is tilted or when buckling is 
present. Further spots would be introduced as a result of double diffrac- 
tion involving both structures, but no such spots have been plotted on 
fig. 3. This plot should be compared with fig. 2, which shows the equiva- 
lent plot for (111) twinning (plus double diffraction). 


3.4. Polycrystalline Patterns 


The reciprocal lattice points due to double diffraction (see fig. 1) will 
give rise to extra diffraction rings on polycrystalline patterns, in addition 
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to the normal rings for face-centred cubic. These are plotted in fig. P. 
The allowed twin reciprocal lattice points will not give rise to any. A " 
extra rings. The presence of a hexagonal close-packed phase ims = 
give rise to extra rings, and these are plotted on the right bec alee ? 
fig. 5. The crystal spacings corresponding to the various rmgs are given. 


FACE CENTRED 
CUBIC 


DOUBLE DIFFRACTION 
AT TWIN BOUNDARIES 


A comparison between the ring pattern obtained in the presence of micro- 
twinning, and that which results from the presence of hexagonal close- 


packed metal. The + and — signs mean that the reflection arises from 


a satellite around the indicated reciprocal lattice point, respectively 
away from or towards the origin. 


in the table. Many of the two kinds of extra rings coincide in position 
. 3 
but a few rings occur from one cause only. The presence or absence of 


these rings can be used to distinguish between the two causes for extra rings. 


$4. EXPERIMENTAL OBSERVATIONS 

All the specimens have been examined in transmission in 
Elmiskop I operated at 80 or 100 kv. Observations have been 
in bright field and in dark field on a diffracted beam ; 
diffraction patterns have also been studied. For dark fi 
the illuminating system was sometimes tilted to allow the appropriate 
diffracted beam to pass down the axis of the objective lens, in order to 
provide good resolution. In some cases the specimens were examined 
on a heating stage inside the microscope, in order to reduce the effects due 
to contamination. 


a Siemens 
made both 
selected area 
eld operation 
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Comparison of diffraction rings obtained from a face-centred cubic 
structure when (a) double diffraction occurs at microtwin boun- 
daries, and (b) a hexagonal close-packed phase is present 


Indexing 
Observed | Spacing i 
TSEN (4) Face-centred RR. at Hexagonal 
cubic twin-boundaries} i 
3:53 (111)- 
1 2-50 (111)- (1100) 
2 2-36 (111) (0002) 
2:21 (1011) 
3 2-04 (200) 
1-77 (111)* 
4 1-72 (200)*(220)- (1102) 
5 144 (220) (1120) 
6 1-41 (220)*(222)- 
7 1:33 (311)- (1013) 
8 1:25 (311)- (2200) 
9 1-23 (311) (1122) 
1-21 (2201) 
10 118 (222) (0004) 
11 1-12 (311)* 
1-11 (2022) 
1-10 (222)*(400)- 
1-07 (311)*(331)- 
12 1-02 (400) 
0-980 (2023) 
13 0-943 (331)- 
14 0-935 (331) 
15 0-910 (420) (1124) 


| debnmuE AP E E E E Kee eerie. s | 


T The + and — signs mean that the reflection arises from a satellite around 
the reciprocal lattice point as indicated, respectively away from or towards the 
origin. 


4.1. (001) Single Crystal Films 

The (001) oriented specimens contain many fine twins on the {111} 
planes, together with many dislocations passing through the films (Pashley 
1959). A typical diffraction pattern is shown in fig. 6, which corresponds 
to the [001] specimen normal being slightly inclined to the electron beam ; 
this tilting leads to the observation of many of the satellite spots which 
correspond to the additional points plotted on fig. 2. The array of four 
spots surrounding the (200) and (020) spots is a characteristic feature, and 
comparison with fig. 2 shows that the innermost spots T, and TT, are pri- 
mary twin spots whilst the spots D, and D, correspond tothe double 
diffraction spots. A tilted dark field micrograph for the (200) beam, 
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without its satellites T,T;D, and D, is shown in fig. 7. This shows the 
matrix (100) orientation bright, and the twins dark, because the (200) 
diffracted beam arises from the matrix only. A dark field micrograph 
(fig. 8) obtained on T,, without any further change in the tilt of the 
illuminating system, shows one set of {111} twins bright, and the matrix 
dark, which is consistent with the interpretation that T; is a diffracted beam 
from one of the sets of twins. In both fig. 7 and fig. 8 the images at the 
twin boundaries consist of fringes. These are discussed in § 5. 


Fig. 6 


An electron diffraction pattern from a gold film in (001) 


t ! orientation, sliehtly 
tilted with respect to the electron beam. oa 


When a dark field image is formed by the beam D 
appears as in fig.9. The only regions which are bright are the interfaces 
between the twin and the matrix, Again a pair of fringes is often observed 
Thus the dark field technique reveals that the spots such as D ovat D, 
arise from the twin boundaries. There are two possible explanations, 
Firstly, the structure of the twin boundary could be different from that 
elsewhere, such that it gives rise to the spots D, and D 
double diffraction could occur in the vicinity of the twin boundar 
Since a (111) twin boundary is a coherent boundary, the only likely is 
tural diffraction effect results from the fact that the stacking of the (111) 
planes in the immediate vicinity of the boundary corresponds to that of a 


» the micrograph 


2; and secondly, 
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hexagonal close-packed structure. If this were important one would 
expect to observe diffraction spots corresponding to hexagonal close-packed 
metal. But comparison between figs. 6 and 4 shows that the diffraction 
patterns from the specimens cannot be explained in terms of hexagonal 
metal. Several of the predicted spots are missing, and others not due to 
the hexagonal structure are present. It is therefore concluded that the 
spots D, and D, do arise from double diffraction. The reason why they 
originate from the vicinity of the twin boundaries is that only near the twin 
boundary can a diffracted beam from the matrix pass into the twin and 
vice versa. 


Fig. 7 


A tilted dark field micrograph of an (001) gold film taken with a (200) reflection 
(without its satellites). Magnification x 70 000. 


4.2. (111) Single Crystal Films 
The (111) gold films prepared as described in § 2 do not normally contain 
any microtwins. They contain a high density of dislocations which pass 
through the film (Bassett et al. 1958) and they are often doubly positioned 
(Dickson and Pashley 1962). The twin orientations which correspond 
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Fig. 8 


o 


As for fig. 7 except satellite T, (see fig. 6) used for image formation. 
Magnification x 80 000. 


Fig. 9 


As for fig. 7 except satellite D, (see fig. 6) used for image formation. 
Magnification x 80 000. 
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Fig. 10 


An electron diffraction pattern from a gold film in (111) orientation. 


e * = pf (itt) e(o22) 


Q 
r e e e(202) 


The indexing of the diffraction pattern from specimens in (111) orientation. 
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to the double positioning are twin related, by being rotated with respect to 
each other through 180? about the [111] film normal. Thus the twinning 
plane is parallel to the film plane, so that the interfaces between the two 
differently oriented regions are incoherent twin boundaries. There is 
a strong tendency for these double positioning boundaries to lie parallel 
to the (211) planes normal to the film. 


Fig. 12 


A dark field micrograph of a doubly positi 
al oubly positioned (111 ] 
3 (224) reflection. Nie es tea i 


, formed with a 


The presence of the doubly positioned structure in the fi 

detected on à normal transmission electron microgra ne b 
orientations give identical diffraction patterns The di que we e 
Was revealed by Dickson and Pashley (1962) by DET ouble positioning 
mounted in a tilted position in the electron microse Do m Reno 
that the double positioning boundaries can be m 7 = a shove 
y a dark field 


technique, without the need for ay i 
: ‘ 1y deliberate tilt; i 
normal transmission diffraction pattern B BEC CEU 
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hexagonal array of intense spots are the all Pene M old Alm. The 
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there occur sharp weak spots in the centres of the triangles formed by the 
strong spots. These have non-integral indices, and the innermost ones 
such as P have indices of the type 4 {224}. By reference to the reciprocal 
lattice of fig. 1 one can deduce that these spots correspond precisely with 
points due to double diffraction. In this case the required double diffrac- 
tion occurs successively in the two orientations of the double positioning. 
A dark field micrograph formed with the spot P is shown in fig. 12. This 
reveals the double positioning boundary as a bright line, on an otherwise 
dark background. The evidence therefore fits with double diffraction, 
just as for the corresponding example with the twinned (001) films. 


A dark field micrograph of a doubly positioned (111) gold film, formed with a 
(111) reflection. Magnification x 40 000. 


However, the difference between the two cases is that with the (001) films 
a suitable primary diffraction spot is always present, whereas the required 
primary spot is not present on fig. 10. 

One of the possible primary spots is the (111) reflection from position I, 
corresponding to a reciprocal lattice point above Q in the adjacent (111) 
reciprocal lattice plane. Ifthis (111) diffracted beam is diffracted again by 
the 4 (151) allowed * twin ' reflection (this is indexed in terms of the reci- 
procal lattice of position I, and is really a {111} reflection from position IT) 
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Fig. 14 (continued) 


(c) 


A series of dark field images from the same area of a doubly positioned (111) 
gold film, formed by the reflections S, T, U (see figure (10)). Magnification 
x 20 000. 


of position II, which lies an equal distance below R, the final diffraction 
direction is (111) +4(151)=4(224). These are the indices of spot P. If 
the specimen is tilted so as to cause this (111) reflection to occur, then dark 
field on the (111) spot, which appears on the diffraction pattern almost 
coincident with Q, should show up the regions of position I bright whilst the 
regions of position II remain dark (we call this domain contrast), since this 
(111) spot arises from position I only. This type of image is shown in fig. 
13. In fact, if the (111) gold films are mounted on a copper grid, the buck- 
ling of the grid together with buckling in the gold films is sufficient to cause 
the (111) reflections near P, Q and R, ete. to occur in certain regions of the 
specimen, without any deliberate tilting. Thus when a certain spot such as 
S (fig. 10) is picked out with a small objective aperture and the Specimen is 
scanned in the corresponding dark field image, the boundary contrast of 
fig. 12 is visible in some parts of the specimen, whilst the domain contrast 
of fig. 13 is visible in others, depending upon whether the reflection at S is of 
3024) or {T11} type. Itis difficult to distinguish the positions of these two 
spots by measurement, particularly since a long [111] reciprocal ] 
spike through (111) would cause the (111) reflection to occur for a r 
angles of tilt, and in slightly different positions. 
observation gives a more reli 
P.M. 


attice 
ange of 
Thus the dark field 
able method of distinction. According to 
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á 


the double diffraction interpretation of the origin of the 1(224) spots, and 
the double positioning boundary contrast, if the dark field image on spot 5 
gives the boundary contrast, then dark field images on either T or U should 
give domain contrast, because a (111) type reflection should be present in 
one of these positions in order to act as a primary beam for double diffraction. 
This is not always found to be true, and for the electron beam almost exactly 
parallel to (111), boundary contrast is observed on dark field images of 
the same area using any of the six spots S, T, U, etc. Figure 14 shows a 
set of three images taken on S, T and U. Thus the origin of the spots 5, T 
and U, as well as the double positioning boundary contrast must, at least in 
some cases, arise from some effect other than double diffraction. Presum- 
ably the effect is related to the lattice imperfection at the incoherent 
{211} double positioning (twin) boundaries (see § 6). 


4.3. Polycrystalline Films 


When the fine-grained polycrystalline films were examined by selected 
area electron diffraction, extra rings were observed (fig. 15 to be compared 
with fig. 5), as already reported by Bahadur and Sastry (1961). Although 
these latter authors find their extra rings consistent with the presence of 
regions with a hexagonal close-packed structure, we have examined the 
possibility that they originate from double diffraction at microtwin boun- 
daries. We observe more rings than are reported by Bahadur and Sastry, 
and a complete list of those detected is included in the table, which also 
compares the results with the rings predicted for the two different inter- 
pretations. The observations are completely accounted for in terms of the 
twinning interpretation, whereas the presence of hexagonal close-packed 
metal would be insufficient to explain the presence of all the observed 
rings. In particular, ring 6 cannot be explained in terms of hexagonal 
metal, but it does arise from double diffraction at twin boundaries. Thisrine 
which is easily distinguished because it lies just outside the (220) aulre 
ring, is clearly observed (fig. 15). The accuracy of measurement of the 
rings was about 0:5 %: and quite adequate to allow the indexing to be 
a x ote dae cee NE iic scheme given in the table. 

: 1 ope observations have been made on the 
polycrystalline specimens, but it has been confirmed that the grains do 
contain twins. Further, twin boundary contrast can be detected on dark 


field images formed with ring 1, which is the smallest observable double 
diffraction ring. 
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$5. Contrast AT Twin BOUNDARIES 


The contrast which occurs at twin boundaries depends upon vari 
factors, particulary the thickness of the twin and the local diffractin, : 
conditions in the vicinity of the twin. We consider the latter by deduci E 
the contrast for dark field images on various reflections, and the uu 


: i n the bright 
field images can be considered, to a first approximation, as complementary 
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(a) 
(311) (220) 
(220) 
(ecan 
(222) | 
(3417 | 


(b) 


(a) A diffraction pattern from a fine-grained polycrystalline gold film. (b) A 
C ees trace across part of (a), showing the ring just outside 
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to the appropriate dark field image. This approximation will Peas 
ciently valid for the thin films used in the present work, since absorptio 
effects (see Hashimoto et al. 1962) will be small. 


5.1. Thick Twins 
We consider first a twin which is sufficiently thick (see d ae 
on fig. 16) that the projections of the two twin boundaries AB and do 
not overlap. Each boundary is then treated simply as a wedge. 


Fig. 16 


OVERLAPPING 
NARROW TWIN STACKING FAULTS 


1 
] 
l 

D 

Twin lamellae and overlapping stacking faults in a thin film. 


5.1.1. Dark field on an allowed twin reflection 


We assume as a first approximation that only the one reflection considered 
contributes to the image contrast, and that neither dynamical interaction 
with other diffracted beams within the twin, nor double diffraction as the 


reflected beam passes through the matrix, is significant. In these circum- i 
stances wedge fringes are formed within the regions AB and CD (fig. 16), 
such as illustrated in fig. 18. The number of fringes depends upon the 4 


RE N enge iacit eame roli 


equivalent extinction distance ¢ and the specimen thickness T and is 

given by the largest integer below Tt. "The value of t depends mimo the 
oan deviation of the crystal from the exact reflecting position, and is given 

by: 

t=to//(1+2)2, 

where z is a parameter which defines this deviation, and is approximate] 
equal to òtọ/d. tois the extinction distance, 5 is the angular deviation from 
the Bragg reflection position, and d is the spacing of the crystal planes 
(see, for example, Whelan and Hirsch (1957 a, b)). The value of t is 
plotted against 5, for a particular case, in fig. 17. Thus the Spacing of the 
fringes decreases, and their number increases, as ô increases due to specimen 
curvature. This effect can be verified by observation on twin boundaries at 
different distances from the centre of an extinction contour, 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


EENES 


page Best AE, LSS LR ENS 


E e D AS snakes: 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Twinned Structures in Gold 1625 


Fig. 17 
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The relation between the equivalent extinction distance ¢ and the deviation 
8 from the Bragg setting, for the case of an extinction distance tg of 
140 å, and a crystal spacing of 2-3À. These are near to the approximate 
values for a (111) reflection from gold at 80 kv. 


' When 8 varies appreciably along the length of a single twin, the variation 
in the number of fringes can be observed directly, as in fig. 18. This 
variation can be correlated with the corresponding subsidiary extinction 
contours which occur across the central uniformly thick region of the twin, 
due to the changing value of 5. Figure 19 shows the plot of the fringes which 
have been calculated on this basis, for the case of tọ = 140 å and d — 2-3 A. 
These are near to the values for a (111) reflection from gold, for 80 kev 
electrons (íQ— 1554, Pashley 1959). As the deviation from the Bragg 
angle decreases, the spacing of the wedge fringes increases, and the fringes 
therefore curve towards L, the projection of the inner limit of the wedge. 
At a point such as P (fig. 19), the total thickness of the specimen is an exact 
multiple of t, and a dark fringe occurs across the central region of the twin, 
corresponding to all points with the same 9 value as at P. Thus there is 


direct continuity between the wedge fringes and the central subsidiary 
extinction contours. 


5.1.2. Dark field on a matrix reflection 


The type of contrast observed at the twin boundaries when a matrix 
reflection is operating is similar to that described in $ 5.1.1. (see fig. 7). 
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Fig. 18 


A dark field micrograph of a twin in a gold film in (001) orientation, obtained 
with the reflection T, (see fig. 6). Magnification x 120 000. 
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The main difference relates to the effects associated with variation of ô 
along the length of the twin. The number of wedge fringes varies as above, 
but in this case they are associated with subsidiary extinction contours 
in the matrix, and they therefore curve towards the matrix as the value of 
ô decreases. This effect has been observed. 


5.1.3. Dark field on an * anomalous’ twin reflection 


Since the ‘ anomalous ° twin reflections arise from double diffraction at 
the twin boundary, two extinction distances are involved in the formation 
of fringes. No detailed consideration of this case has been made, but a 
more complex fringe system involving two periodicities might be antici- 
pated. There are indications of such effects on some of the micrographs. 


5.1.4. Bright field 


Similar contrast to that of the dark field images is obtained in bright 
field images, at the edges of prominent single extinction contours. How- 
ever, where two or more strong reflections occur simultaneously the fringe 
contrast at the twin boundaries is sometimes more complex, as would be 
anticipated. Further, because the intensity of a Bragg reflection decreases 
rapidly as the deviation from the Bragg angle 6 increases, there is insuf- 
ficient contrast on bright field images to allow fringes of narrow spacing 
(ô large and ( small) to be detected. Thus the changes in fringe spacing due 
to variations in 8 and ¢ are much less readily observed on bright field 
images, which emphasizes the value of the dark field techniques. 


5.9. Very Narrow Twins 
A very narrow twin, such that A’C’ and B'D' are small compared with 


A'B’ (see fig. 16), can be considered as a set of overlapping identical stacking 
faults on adjacent (111) planes parallel to the twin plane. 


5.2.1. Dark field on an allowed twin reflection 


The dark field image on an allowed twin reflection will show no special 
structural features. The complete projected area of the twin will appear 
bright for appropriate diffracting conditions, and no fringes will be formed. 


5.2.2. Dark field on a matrix reflection 


The thickness of the twin will have a big influence on the appearance of 
the dark field image formed with a matrix reflection. If the thickness is 
such that the number of overlapping faults is not equal to the 3n, where n 
is an integer, then there is effectively a resultant stacking fault or displace- 
ment between the matrix above and below the twin. The contrast is 
then dominated by this factor, and is largely the same fringe structure as 
that of a single stacking fault. If the number of overlapping faults is 
equal to 3n, there is no resultant displacement between the upperand lower 
parts of the matrix, so that no stacking-fault fringes occur. However, 
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there is the possibility of a lower contrast fringe system being formed. 
This may be demonstrated in terms of the simple column approximation 
in kinematical theory (Hirsch et al. 1960). Consider a column passing 
through the twin, and the corresponding amplitude-phase diagram 
(fig. 20). The amplitude scattered by a short element of the column is 
proportional to the length of the element. The kinematical treatment 
can only be applied when the crystal orientation is set slightly off the exact 
position for a Bragg reflection, and under these conditions the phase angle 
of the scattered wavelets is proportional to the depth of the scattering 
element in the column. The successive scattered wavelets therefore form 


Fig. 20 


| | 

The amplitude-phase diagram for diffraction fi 

rom a col i R? j 

AT umn passing through a l 

4 

an amplitude-phase diagram consistin i | 
m g of a many-sided pol ;hi 4 
approximates to a circle. This circle will close Several mi E : ane [ 
upon the specimen thickness. When the presence of the twin ds t : ee ds | 
consideration, the wavelets corresponding to the piece of twi ae a | 
in the column must be removed from the diagram. Let SR UR 5 
sum of these wavelets. We remove them by adding their is m i i 
veetor PP. The resultant is a vector P'Q. Since Q rotates RES t C oe l 
column is traversed along the fault, the resultant P'Q E 5 5 the | 
periodieity corresponding to the change in depth of the ie See | 
amount ¢. The fringes produced will therefore have the sam ere 1 


€ spacing as 


the normal wedge fringes, but will have a very low contrast dependi 
j nding 


upon the twin thickness. 
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5.2.3. Dark field on an ‘ anomalous’ twin reflection 

For very thin twins the double diffraction spots will be quite weak, but 
it should be possible to obtain observable contrast. A diffracted beam 
produced in the upper half of the matrix, and then diffracted again in the 
twin, would lead to a normal wedge fringe contrast. However, further 
diffraction of these beams in the lower half of the matrix, or the diffraction 
of a primary twin diffraction in the lower matrix, will lead to a modified 
fringe contrast. Thus in practice a more complex fringe system is to be 
expected. 


5.2.4. Bright field 


It is clear that if the twin thickness is such that there is a resultant 
stacking fault (see § 5.2.2.), the dominant factor is the normal stacking- 
fault contrast. In this situation it is difficult to distinguish the bright 
field image from that of a single stacking fault. It is necessary to study 
selected area diffraction patterns and dark field images, as above, in order to 
allow a distinction, unless other structural information such as the form of 
the ends of the features makes the distinction obvious. Ifthe twin thickness 
is such that no resultant stacking fault cccurs, it is unlikely that any fringe 
contrast is sufficient to be observable. The thin twin then appears as a 
band of uniform contrast different from that of the surrounding matrix, 
the degree of contrast being very dependent upon the diffracting conditions. 


5.3. Overlapping Faults 


The contrast from a set of random overlapping stacking faults, such as 
indicated on fig. 16, depends largely upon the resultant total displacement 
of the faults. If there is a non-zero resultant displacement, the fringes 
are similar to those from the equivalent single fault. Again, only careful 
selected area diffraction and dark field observations will allow unambiguous 
distinction from a single fault or from a narrow twin. 


$6. SUMMARY AND DISCUSSION 


The observations on twinned (100) films have shown quite clearly that 
“anomalous” twin reflections on electron diffraction patterns can be 
adequately explained in terms of double diffraction. A particularly 
strong piece of evidence is that the dark field observations reveal that 
these anomalous spots arise only from the vicinity of the twin boundaries, 
which are the only regions where the double diffraction can occur. A simi- 
lar and independent observation has been made with films of permalloy 
by Schoening and Baltz (1962). 

The observations on the double positioning twin boundaries in the (111) 
films are nof so readily explained. In this case the anomalous diffraction 
spots of $(224) type, which are associated with the boundary contrast 
observed in dark field, do not at first sight appear to be due to double 
diffraction alone, since the required primary spots are not present on the 
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patterns. A possible explanation is that the diffracted mu of UE 
4{224}, and hence the associated dark field contrast, arise from t n iE : 
fection structure of the double positioning boundaries. These are effective y 
incoherent twin boundaries, and only every third (111) atomic layer 
matches across the boundary. This mis-match can be described in terms 
of parallel arrays of partial dislocations. DN 
A reliable treatment of the diffraction pattern obtained from the vicinity 
of the boundary would require the application of the dynamical theory, 
and the matching of the wave fields on the two sides of the boundary. It 
seems possible that dynamical interaction of two weak beams at the boun- 
dary might lead to a ‘ double diffraction ’ beam outside the crystal, even 
in the absence of the required primary beams. In these terms, the problem 
is an example of the more general problem of the diffraction and contrast 
from a planar lattice fault which is parallel to the electron beam, and dyna- 
mical theory has yet to be applied to this general problem. A further 
example of this class of problem is the diffraction contrast of an antiphase 
boundary in an ordered alloy, when this is parallel to the electron beam 
(Glossop and Pashley 1959, Pashley and Presland 1959). It is interes- 
ting to note that in this latter case the contrast also appears to be associated 
with * double diffraction ’ beams which occur in the absence of the appro- 
priate primaries. 

A further possible contributory factor to the contrast of the double 
positioning boundary is that its strain field might lead to preferential local 
segregation of impurities. However, such segregation would not be 
expected as the primary cause of the contrast on the 3(224) dark field 
image unless the segregation is such as to cause a local structural change 
(e.g. something similar to an ordered G.P. zone), so that the 1(924Y 
reflection is an allowed reflection from this modified structure. This 
possibility cannot be entirely ruled out. Any such modified structure 
would have to be stable up to at least 300°c, since the contrast is 
unchanged by heating to this temperature. 

The appearance of the diffraction p 
(111) specimens is readily explain 
tilted so that the incident electro: 
(1 11). Observations of this kind serve to confirm the inte 

main features of the double positioning str 


f cture in the immediate vicinity 
aries, such as are discussed above 


; : that the sa; : 
reflections arise from both coherent and ineohere S a 


vag nt twi o 
it is to be expected that polycrystalline films contai win boundaries, 


S ; i nin twins wi RM 
similar extra reflections. As discussed in $ 4.3, the eh is Des eee 
extra diffraction rings are predicted, and these account for all the m 


rings observed with fine-grain polycrystalline films pr 

prepared by ey i 
The authors therefore believe that these extra rings are CU COR 
double diffraction at microtwin boundaries, and that there is no NOME 
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to invoke the presence of either single stacking faults or hexagonal close- 
packed metal, such as has been done by Bahadur and Sastry (1961) and 
Bahadur et al. (1962). Certainly the results described in this paper 
indicate that great caution is necessary in attributing extra rings on poly- 
crystalline face-centred cubic diffraction patterns to the presence of à 
hexagonal close-packed phase. 

It is therefore of interest to consider whether other previous interpreta- 
tions in terms of a hexagonal close-packed phase are valid. One of the most 
convincing examples is that observed by Hirsch et al. (1955) with beaten gold 
foil. They observed a number of extra rings which could be indexed 
satisfactorily in terms of a hexagonal close-packed phase. However, all 
of these rings except one coincide exactly with rings which would also result 
from microtwinning (according to the scheme of fig. 5). The exception is 
the ring indexed as (2023) by Hirsch ef al. A re-examination of the 
diffraction patterns[ reveals that this ring consists of only a very few 
spots, and that a number of similar spots do not lie on any particular 
ring. It is possible that these spots arise from double diffraction at 
grain boundaries ; such double diffraction is expected to occur, and to be 
very common with fine-grained polycrystalline specimens (approxi- 
mately 1500A grain size in this case). The spots arising from this effect 
would not generally lie on any of the normal face-centred cubic rings. 
It is therefore suggested that the few spots lying on the supposed (2023) 
ring could arise from grain boundaries, so that the remaining extra rings 
could be explained adequately by double diffraction at twin boundaries. 
In support of this interpretation, Schlotterer (1962) has recently observed 
the presence of microtwins in beaten gold foils. However, a completely 
conclusive interpretation would require some dark field observations of the 
type described in this paper. 

Finally, it is worth noting that our results emphasize the value of the 
dark field technique as an aid to the interpretation of diffraction patterns, 
particularly with respect to their use in revealing the places of origin 
of anomalous or satellite spots. 
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By S. MENDELSON 
Semiconductor Research Department, 
Sprague Electric Company, North Adams, Massachusetts 


[Received 14 May 1963, and in revised form 5 July 1963] 


ABSTRACT 


The many differences in glide band formation and broadening between hard 
LiF (Gilman and Johnston 1960) and soft NaCl (Mendelson 1962 a) can be 
understood when the stress fields from neighbouring dislocation arrays are 
evaluated. The bands form in avalanches in about 1/10 sec. The resulting 
estimated dislocation velocity is several orders of magnitude greater than that 
reported for hard LiF. Calculations show that a shear stress of three to four 
times the applied stress exists on neighbouring planes in a glide band having 
several like sign closely spaced dislocation arrays. This can account for the 
high dislocation velocities. It can also account for the observed hardness and 
stability of the dislocations at the spearhead of the glide band (Mendelson 
1962 a). The calculations also explain why the sources in different glide 
bands tend to lie along a direction normal to the slip planes and account for the 
tendeney for flow to occur on a single system even though several systems 
are equally favoured for slip. A simple dynamic model is proposed to explain 
why band broadening occurs during the avalanche and not after it ceases. 
The model can also explain the effects of strain rate, strength and dimensions 
of the erystal. The criterion governing whether flow occurs by avalanches or 
by continuous band broadening appears to be the relative proportion of the 
total strain associated with each source. If this is large, band broadening can 
cease ; if small, continuous band broadening will be the mode of flow. 


§ 1. INTRODUCTION 


Ir has been well established that cross-slip is quite significant in affecting 
dislocation multiplication in alkali halide (Johnston and Gilman 1960, 
Mendelson 1962 a) and metal (Low and Gaurd 1959, Low and Turkalo 1962, 
Stein and Low 1960) single crystals. Quantitative theories have been 
presented to explain the conditions necessary for cross-slip (Li 1961) and 
through the ‘double cross-slip mechanism’ dislocation multiplication and 
band broadening appear to be qualitatively well understood (Mendelson 
1962a, Johnston and Gilman 1960, Wiedersich 1962). Li and Needham 
(1960) show that a screw dislocation in an infinite wall of screws cannot be 
stable and in fact is sitting on a saddle point of potential energy. The 
ability to cross-slip is determined by the lattice resistance along the cross- 
slip plane. If this is not too high, cross-slip will be a natural process. 


f An account of this work was reported ‘at the St. Louis meeting of t 
American Physical Society in March 1963. pr 
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Argon (1962) presented a similar view to explain band broadening in KCl 
single crystals. 

The technique of using octagonal-shaped crystals (Mendelson 1962 a) 
is employed in a study of flow in ionic crystals. This shape reduces end 
effects and eliminates stressing and operation of sources on the side faces 
as would occur in rectangular-shaped specimens. When compressed 
between anvils that can swivel, more perfect axial loading is accomplished 
and sources are formed and activated in the central region of the specimen 
which emit dislocations of opposite sign which then move toward opposite 
edges of the crystal. That this is so is readily verified by birefringence 
techniques (Mendelson 1961a, Mendelson and Kear 1963). These 
methods permit direct observation of glide bands as they form while the 
stress-strain behaviour is simultaneously recorded. Dislocation etch-pit 
observations have supplemented these to further elucidate the structure of 
glide bands. 

In this study we describe some further observations on flow in several 
ionic single crystals and then go on to show that the stress fields from 
neighbouring like sign dislocation arrays in glide bands can account for 
much of the flow behaviour of soft alkali halide single crystals. Numerical 
calculations are made on the flow behaviour of NaCl single crystals for 
which much data have previously been gathered. 


§2. EXPERIMENTAL 


Flow in octagonal-shaped crystals of NaCl, KCl, and LiF is found to 
occur by the progressive formation of glide bands through dislocation 
avalanches which form in less than 1/10sec. A sequence for flow in NaCl 
is shown in fig. 1. Sequences for KCl and LiF are very similar and thus 
are not shown. No significant band broadening follows each avalanche 
while new bands form in other parts of the crystal. In NaCl and KCl the 
stress-strain behaviour is similar with glide bands appearing at about 
30g/mm?. Etch-pit studies show the slip planes of the glide bands to be 
spaced about 5p and to have a dislocation Spacing along the slip : 
of about 10u. In LiF the glide bands appear at about 300 ae 
In MgO, glide bands form very slowly, the initial flow is less d mamic | 
appears to show viscous behaviour similar to that reported for Lik (J ohn Bor 
and Gilman 1960). An example of a sequence in MgO is shown i 2 > 
The depth of focus in these bands is about 0:02 cm, or about an x m 
magnitude less than that in the other crystals. (The birefringent is oe 
in the centre of this specimen is due to an indentation with : R d 
unsuccessful attempt to obtain preferred multiplication at the mes & S 
Further deformation of these specimens produces avalanches Tl 
large depth of focus and high birefringence which appear similar t m x 
in the softer crystalline materials. Etched glide bands comes monet t ai 
vague birefringence bandsin MgO are very fine with slip apparently n 


plane 
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on or very close to the original slip plane. Similar bands of low bire- 


fringence preceding the avalanche have also been observed on a few 
occasions in NaCl and Lik. 


Sequence of birefringence pictures for flow in an octagonal shaped crystal 
of NaCl. 4x. 


The vague birefringence preceding an avalanche suggests that small 
amounts of flow in the slip plane may always precede an avalanche. This 
is consistent with studies by Johnston and Gilman (1960) and has been 
Suggested for flow in NaCl (Mendelson 1961 b). Following this micro- 
strain, a source forms and operates on a neighbouring plane by the * double 
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cross-slip multiplication mechanism. and after five to ten such events during 
the avalanche, band broadening ceases. In all these materials the first 
avalanches generally appear at stresses significantly less than the critical 


resolved shear stress. 


Sequence of birefringence pictures for flow in an octagonal-shaped crystal of 
MgO. 11x. The birefringent cross, x, in the centre is due to an 
indentation with a needle in an unsuccessful attempt to obtain preferred 
multiplication at the indentation. E Pe 


$3. Discussion 


Earlier studies (Mendelson 1962 a), as wi ^ 
rather distinct features in the flow ee a e ro 
which differ from that reported for hard LiF (Johnston and Gil ee 
The most significant of these are: Be Sune 1960) 
(i) Each glide band forms in an avalanche j 
to be of uniform length when formed below a s ads 
The resulting estimated dislocation velocity is several orders f Es qe 
greater than that reported for hard LiF (Johnston and Gilm Re 
(ii) During the avalanche, flow occurs on several closel S a: 
planes and suddenly stops. No significant broadenin zi Wed hy 
follows this while new bands form at other regions of dole ee 
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(ii) The observed birefringence indicates that the dislocations in the glide 
band are in the form of large concentric loops on neighbouring slip planes 
spaced about 5p apart and with their sources staggered relative to each 
other. This type of birefringence would not appear if the dislocations in 
glide bands were predominantly in the form of small random dislocation 
loops (Johnston and Gilman 1960). 

(iv) The sources for different glide bands within the specimen, when 
viewed normal to the Burgers vector, tend to lie along a direction normal to 
the slip plane. 

(v) Although more than one system initially operates, one system takes 
over and flow continues on this system exclusively, even though several 
systems are equally favoured for slip. 

In hard LiF (Johnston and Gilman 1960) band broadening is continuous 
and occurs through large-scale dislocation multiplication by the multiple 
cross-glide of many screw segments from the already slipped planes. 
These bands are found to consist of many small random dislocation loops 
and trails (‘debris’) which have no apparent relation to the original source. 
They are explained as a result that few of the cross-slipped segments become 
active as sources; instead most of the segments are inactivated in the first 
half cycle by the repulsive stresses from the rest of the dislocation loop. 


3.1. Model of the Cold-worked State 


From studies of flow in ionic crystals a model of the cold-worked state 
can be proposed which has many features which differ from that suggested 


Fig. 3 
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Dislocation morphology in à glide band. (a) Three-dimensional arrangement 
of dislocation loops. (b) Distribution of edge dislocations intersecting 
plane ABCD. (c) Average dislocation sign on ABCD. 
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for hard LiF (Gilman and Johnston 1960). F or example, D UM 
extension of the glide bands in NaCl indicates that dislocations a E ae 
as they pass along their slip planes and this hardening Dr es B 
slip distance. "This, as well as other observations (tuor e xm a 
are not consistent with a debris theory of hardening (Gilman and Johnston 
1960) but are with a jog model (Mendelson 1962 a). prom 

The morphology of dislocations in glide bands, Ee T i as 
fringence and etch-pit studies, is illustrated in fig. 3. In (a) t he me 
dimensional arrangement of dislocation loops in a glide band is illustra As 
In(b)the arrangement is shown forthe dislocations intersecting planc ABO j 
while (c) illustrates the average dislocation sign. The tapered feature of the 
band shown in (b) is found in the etched specimen, whereas that in (c) is 
what the birefringence reveals. 

The dislocations at the end of the glide band do not move, even though 
the stressisincreased. This, as will beshown in a later section, is attributed 
to the operation of sources on neighbouring planes at a stress which is 
several times the applied stress. Thus, the dislocations move through a 
slip distance which is much greater than would be possible under the applied 
stress and hence are hardened more severely. In the region between the 
staggered sources the stress is relaxed by Taylor interactions among the 
opposite sign edge dislocations, thus making further operation of these 
sources difficult. The resulting hardening of the dislocations in the glide 
band and the locking and stopping of the sources during their operation is 
then attributed to jog hardening and Taylor interactions. 

Since glide bands form prior to the critical resolved shear stress, dislo- 
cation motion or multiplication are not sufficient conditions for 
flow. The view that this stress corresponds to that at whicl 
dislocation multiplication occurs through multiple cross-gli 
numbers of serew segments (Johnston and Gillman 1959) 
with the observations. "These studies show 
with the operation of relatively few sources for which each generates large 
numbers of dislocations which can leave the crystal before the source is 
stopped. Other sources form successively and, as will be shown in a later 
section, can be activated by the stress fields from neighbouring dislocation 
arrays. The easy glide range is very sensitive to flow which occurs prior 
to the critical resolved shear stress ; casy glide being reduced in specimens 


which (due to many surface sources) form many oli i 
3 ‘ : ide bands prior i 
stress (Mendelson 1962 b) v POR 


macroscopie 
i large scale 
de by large 
,is not consistent 
that macroscopic flow occurs 


age ‘deformation bands’ 


difficulty ; the hardening 
bands. 


vations and those 
su 
other interpretations. ) suggest the need for 
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3.2. Stress Fields From Dislocation Arrays 
For an array of 2n like sign equally spaced screw dislocations d em apart 
the cross-slip stress at a dislocation in the centre of the array lying in a 
plane displaced by 4 em can be determined by the superposition of the stress 
fields of all the dislocations in the array and is given by (see Appendix): 


Tyn = 2(rb]d)tan- t [hd(n — 1) (R?--nd2). . . . . (d) 
This has a maximum when the displacement is /,, — 4/nd and is given by : 
Tan SAGO) eos n E Nn] e a (2) 


This is [2 tan™ (n — 1)/24/n]/[tan (2n — 1)/24/(2n)] times that at the end 
of the array or for 2n=100 about 88% greater. It is apparent from this 
that if cross-slip is to occur the mid-point of the screw array should be the 
preferred region, as observed. For 100 like sign screw dislocations spaced 
10% apart the maximum cross-slip stress, Ty» attains a value of about 
21 g/mm? only after the centre dislocation is displaced from the slip plane 


Fig. 4 


Sequence of cross-slip events and resulting morphology of screws on neighbouring 
slip planes of a glide band. Screw segment S, in Plane I cross-slips to 
Plane II where it can multiply by the double cross-slip mechanism. 
Cross-slip of Sy from Plane TI to Plane III is then enhanced by the 
repulsive stresses from the 2n screws in Plane I. 


a distance 5, — 71,1; a value which is about 14 times the actual spacing 
between slip planes. The cross-slip stress for h=5p is about 7 g[mm? ; 
far too small to propagate cross-slip in NaCl. The lattice resistance to 
cross-slip is probably at least several times the applied stress at which glide 
bands form. 

The result of the staggered source model for dislocations in slip planes 
of a glide band (see fig. 3) is that an array of screws in one slip plane can 
have an edge or screw array of the same Burgers vector opposite it on parallel 
planes. Figure 4 represents a sequence of cross-slip events to illustrate 
the resulting morphology of screws on neighbouring slip planes in a glide 
band. Screw segment S, in Plane I cross-slips to Plane II where it can 
multiply by the double cross-slip mechanism. Cross-slip of S, from Plane 


I to Plane IT is then enhanced by the repulsive stresses from the 2n screws 
in Plane I. This stress is given by: 


Tyan = (Tob /d) tan {d (E+ h)(2n—1)/[(t-+)2 + 2nd3] =. R) 
where ¢ is the spacing between slip planes in the glide band. If more than 


5R2 
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one screw array is favourably positioned on neighbouring E 
cross-slip stress will be further enhanced. Figure 5 is a per o und 
slip stress as a function of h in the presence of a number o M * 
screw arrays favourably positioned on slip planes 5p apart. es 
is the cross-slip stress at the centre of a single screw. nay and es 
by eqn. (1). Curves B, € and D are the total cross-slip sees r m 
presence of one, two and three neighbouring screw arrays. More tha 
three favourably positioned neighbouring arrays is less probable. 


Fig. 5 
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é are the total cross- 
slip stresses in the presence of the one, two and three neighbouring 
screw arrays. 


The 2n screw dislocations on neighbouring planes will also 
shear stress along the slip planes. This 


by the superposition of the stress fields fr 
and is given by (see Appendix): 


Teon = (r9b[2d) In [(4n2d? + y)/(d2 + y?)]. 

The same equation for the shear stress is obtain, 
of the stress fields from 2n like sign neighbouring edge dislocations (see 
Appendix) ; however, in this case the shear stress is about 33% greater due 
to the presence of (1— v) in the denominator of To Taking 2», d and y 
for NaCl as 100, 10 p and. 5 Ny respectively, where N is either 1, 2 or 3 
corresponding to the first, second or third neighbouring array, and sub- 
stituting into eqn. (4), the increased shear stress is found to be 37 g/mm2, 


72 g/mm? and 104 g/mm? respectively in the presence of one, two and three 


increase the 
Stress can. similarly be obtained 


om the 27 dislocations in the array 


(4) 
ed by the Superposition 
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neighbouring screw arrays. Ifthe neighbouring arrays are edge dislocations 
the shear stress is increased to 49 g/mm?, 96 g/mm? and 139g/mm?. The 
result is that three neighbouring like sign screw dislocation arrays increase 
the shear stress by about 34 times while three neighbouring edge arrays 
increase the shear stress by about 44 times the applied stress. Thus, once 
sufficient cross-slip has occurred the stress on a source formed by cross-slip 
can be several times that required for the initial dislocation motion. This 
could account for the relatively high dislocation velocities estimated from 
the speed at which a glide band forms during the avalanche. Taking the 
time interval of the avalanche, about 1/10 sec, as that required for the motion 
of 100 dislocations through an average distance of about 1 mm, this would 
correspond to an average velocity of 100cm/sec. This is several orders 


Fig. 6 
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Cross-slip enhanced by shear stresses from one, two and three neighbouring 
screw arrays which are assumed to reduce the spacing between screws 
to 6-71 u, 5:43 u and 4-7 p, respectively. 


of magnitude greater than the value for the dislocation velocity at the 
beginning of flow in hard LiF (Johnston and Gilman 1959) but is consistent 
with their steep dependence of dislocation velocity on shear stress. For 
example, if we assume the same dependence of dislocation velocity on shear 
stress to apply to edge dislocations in NaCl, then from the curve for LiF 
a velocity of 100 cm/sec will correspond to a stress of three times the yield 
stress, in good agreement with the above estimate. 

Also, an increase in the effective shear stress in the presence of three 
screw or edge dislocation arrays will make possible multiplication from a 
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i - for same length will 
screw segment about 1/4 as long, i.e. 7,,0cl/I, On for px s xm ved by 
reduce the cross-slip distance necessary for operation ot à 
s i i acing can be 

From the enhanced shear stress the reduced d T vus = is 
i i sithe rpduoed di 
evaluated from the relation d = (Kre) 1, w ior isa d e e 
i br i zs from observati £ 
effective shear stress. This follows ; Lr 
i i ions in g ands varies linearly 
Gilman 1959) that the density of dislocations in glide be 
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e neighbouring screw arrays, 
in figs. 5 and 6. Curve A, 
a single screw array. 


with stress and that the spacings betwe 
normal and parallel to the slip planes o 
showed that this kind of relation is to 

to the shear stress from neighbouring a 
Screws is now reduced to 6-71 p, 5:43 
arrays respectivelv. If we assume thi 
the array (this, although unjustified, 
case), we can compute the resulting c 
usingeqn.(1) Figure 6 is a plot of t} 
three neighbouring serew arrays. 


en dislocations are about equal both 
f the glide band. Argon (1962 
be expected. When this is applied 
trays, the resulting Spacing between 
p and 4-71 for one, two and three 
S spacing exists for all the screws in 
is worth considering as an extreme 
ross-slip stress at the central screw 
nis as a function of h for one, two and 
A similar plot with values (1 — y)-u2 
or about 15% greater will correspond to edge dislocation arrays. The 
total cross-slip stress for neighbouring screw arrays can be taken as the 


) also 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


siis 
POI 


atico to e i PA HEROS 


/ 


EEO ADEE 


LG Dii al e ot Sa pase traite RUE Ee DSS a Hc CES GUAE eae 


EORR. 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Glide Band Formation and Broadening in Ionic Single Crystals 1643 


algebraic sum of these values and those of fig. 5. This is shown in fig. 7. 
Curve A, for reference, is the cross-slip stress for a single screw array, while 
curves B, C and D are that in the presence of one, two and three neighbour- 
ing arrays respectively. 

The curves show that screw arrays superimpose relatively long-range 
cross-slip stresses which could contribute to the formation of sources in a 
region far removed from the glide bands, i.e. about 0-1 mm away. There 
is evidence for this which also appears to offer an explanation for Lüders 
band propagation often observed in yielding of low carbon steels. 

These effects also offer an explanation for the tendency of the sources 
to lie along a line normal to the Burgers vector and for the tendency for 
continued flow along a single system. In the latter case, the superimposed 
stress fields from dislocations in glide bands of a single system make forma- 
tion and operation of sources in the same system easier than for systems with 
fewer glide bands, hence the tendency for continued flow on the same system. 

Since edge arrays only enhance cross-slip through an increased shear 
stress, they are not as favourable as are screw arrays, which also super- 
impose a direct cross-slip stress. 

The above effects would be expected only in crystals for which significant 
parts of the glide band contained one sign dislocations, i.e. it would not 
be expected if flow occurred by multiple cross-glide with the generation. 
of many small random dislocation loops. 

The curves in fig. 7 show a significant cross-slip stress only after the 
dislocation has cross-slipped a distance almost as great as the spacing 
between slip planes, i.e. for cross-slip less than about ly the cross-slip 
stress never exceeds the applied stress. These low stresses are probably 
too small to propagate cross-slip, since if cross-slip could occur at low 
stresses and band broadening started, further broadening should be easier 
as favourable neighbouring arrays form. Thus, once sufficient band 
broadening has started continuous broadening should follow. ‘That this 
does not occur in soft alkali halides and the fact that cross-slip does occur 
at low stresses only during the avalanche suggests that dynamic effects 
probably play a significant role. 


3.3. Dynamic Effects 


One possibility is that the spacing between the screws is significantly 
reduced during the avalanche, thus increasing the cross-slip stress. How- 
ever, it can be shown that this would require a reduction in dislocation 
spacing of at least an order of magnitude: a condition requiring an 
extremely high energy. A more favourable mode of flowis for the following 
screws to move forward and fill the gap as the centre screw moves av ray from 
the array. This is shown schematically in fig. 8. In (a), as screw dislo- 
cation S, from the centre of the array leaves the slip plane, the dislocations 
on the left then move forward forcing S, below S, as shown in (b) If 
this occurs the cross-slip stress Tes» Will increase by 7,b/h and the total 
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stress for cross-slip will be given by: $ 
os. = Tob [hi + (27b/d) tan [hd (n — 1)/(h? + E im 9 

Figure 9 plots the terms in eqn. (5) versus h. Curve C is jos m ae 
sum of curves A and B, which correspond to the first and E i e r 
eqn. (5) and gives the total cross-slip stress as a aia of r = 
is not very different from Tyn when A is large, »10-?em, ut 1 s 
rapidly below this and approaches curve A. Finally, when ee = Be g 
screw dislocation arrays are present the curves take the form shown ir 


fig. 10. 
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Fig. 8 
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Suggested stages in cross-slip. (a) Screw dislocations S, at the centre of an 
array leaves the slip planes to a distance y=h. (b) The dislocations on 
the left then move forward to fill the gap. 


In the proposed model, therefore, the critical event is forcing the following 
dislocation below the cross-slipping one ; an operation requiring a maximum 
shear stress of 7,b/2h. The static stress available to accomplish this is 
(seo Appendix) : 

7s, — Tob [d + Ta, Gc 070 3- 8^ 5-5 I8) 
where ra is the applied stress. For d—10 E» Tob[d — 8-1g[mm?, and rs 
abtains a value only about 25% greater than the applied stress in NaCl and 
will thus be too small for any value of h less than about lu. Thus cross- 
slip could not occur under static conditions. However, as a result of 
dynamie effects during the avalanche, overshooting could produce a 
sufficient localized energy to drive S, through this constriction and thus 
force S, to cross-slip through a greater distanco. 

The above analysis suggests that band broadening should bo easier once 
flow has occurred on more than one Slip plane in a glide band. "That this 
is not the case in soft ionic crystals suggests that the dynamic effects are 
somehow absent after an avalenche operates for a short period. This 
would be expected if the local stress dropped Significantly after the 
avalanche. The relatively uniform length of the glide band and number 
of dislocations formed during each avalanche could be associated with a 
uniform drop in stress on the source due to a uniform strain resulting from 
the passage of these dislocations. "The stress, which soon climbs hack tothe 
higher value when the applied strain rate overcomes the Strain associated 
with the passage of the dislocations in the avalanche, is not expected to 
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produce cross-slip in the absence of the dynamic effects present during the 
avalanche. This view is similar to one expressed by Mott (1957) who 
explained the ‘bursts of flow’ in metal crystals as due to the presence of 
strong local fluctuations in the internal stress field as the strain increases. 
It follows from the above that strain rate should also influence the flow 
behaviour in these materials, i.e. if the strain rate is high the localized drop 
in stress will be reduced and flow will tend to be more homogeneous and 
possibly occur by multiple cross-glide. It is also to be expected that the 


Fig. 9 
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Plot of eqn. (5) versus 4. Curve A is for the first term and B for the second 
term. Curve C is the algebraic sum of A and B and gives the total 
cross-slip stress as a function of A. 


strength and dimensions of the crystals will come into play by affecting 
the percentage of the total strain that each avalanche contributes. H 
this is high, as in soft or small dimension crystals, the localized stress will 
instantaneously drop and band broadening will cease. On the other hand, 
when this is small, as in hard or large dimension crystals, continuous 
propagation of band broadening should be expected. 

Similar avalanche flow behaviour was observed by Ardley and Cottrell 
(1953) in beta-brass single crystals (1-5mm diameter). They used a hard 
testing machine and observed a sharp drop and sharp rise in stress in Stage 
during and after each avalanche, respectively. Microscopic examination 
showed that each jerk coincided with the appearance of a cluster of strain 
bands along the gauge length. The jerks continued until the entire gauge 
length was covered. This was followed by hardening in Stage IT. Similar 
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effects were observed by Rozhanskii et al. (1955, 1956) and Shehukin et al. 
(1958) on various metal single crystals (« 1mm diameter). In these | 
studies flow occurred in jerks estimated to be from 700 to 21000 À. Micro- | 
scopic studies showed that these were due to slip rather than twinning. ; 
The observations that the mode of flow in many crystalline materials is 
by glide band formation through avalanches is consistent with the earlier 
work of Heidenreich and Shockley (1947) and the interpretations of Brown 
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APPENDIX 

When two like sign screw dislocations oriented along the z axis approach, 
they repel each other with a stress given by (Cottrell 1956): 

Tx = (Tod) a] (a? +y?) iS gs rec dT) 
and 

Ty = (79b)y/(a? + y?), NEU ne sen eas) 
where 7)=G/27. Gis the shear modulus and 5 is the Burgers vector equal 
to 1:28 x 10" dynes/em? and 4x 10-8em, respectively, for NaCl. 7+, is 
zero for screws in the same slip plane ; however, if one screw should leave the 
slip plane it will experience a cross-slip stress, Ty, Which progressively 
increases as the screw cross-slips to a position, Y, equal to the spacing along 
x between the two dislocations. 

For an array of 2n like sign equally spaced screw dislocations dem apart 
the cross-slip stress at a dislocation in the centre of the array lying in a 
plane displaced by A em can be determined by the superposition of the stress 
fields of all the dislocations in the array or 


n 


yc E C tnc o. (8) 


n=1 


substituting z —nd and replacing the summation by an integral sign : 
n 
TOS | [(rob)y|(n?d? + y*)] dn 
1 


= 2(79b/d) tan™ [hd(m — 1)/(h? + nd?)]. 
The displacement h,, at which this is a maximum is obtained by equating the 
derivative of the above to zero. This gives: 


hn E Vnd, usps cow (49) 
and when substituted into eqn. (3) the maximum cross-slip stress is: 


Tyn = 2(rob[d) tan [(m — 1)/24/n]. EID) 

The 2n screw dislocations on neighbouring planes will also increase the 

shear stress along the slip plane. "This stress can similarly be obtained by 

the superposition of the stress fields from the 2n dislocations in the array 
or n 

Ton = X (rob), f (v.,? t. 


n-l 
substituting « —nd and replacing the summation by an integral sign : 
27 
qp | (rob) [nd (n?d? + 9) ] dn 

1 
= (79/2d) In [(4n2d?+y?)[(d2+y2)]. . 2. (6) 
Edge dislocation arrays will not impose a direct cross -slip stress on neigh- 
bouring screws but will impose a shear stress on the slip plane containing 
a neighbouring screw array. The resulting shear stress will reduce the 
equilibrium spacing between screws in the array and hence enhance cross- 
slip. The shear stress Tzy around a single edge dislocation is given by 
(Cottrell 1956): À 


Ty (rob) (a? — y?) (a +y), 
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where 7, — G/2z(1 — v) and vis Poissons’ ratio. The shear stress due to an 
array of 2n like sign edge dislocations can similarly be obtained by the 
superposition of the stress fields of all the dislocations in the array. Thisis 
a maximum at the end of the array and is given by: 
2n 
a . 2 2Y](4. 2 232 
Toy2n = > (rob), (2 =W GA +y ) , 
n-l 


substituting z— nd and replacing the summation by an integral sign: 
n2n 
Popes | (rob) [nd (n2d? — y?)/(n?d? + ?)*] dn 
1 


c (tT b/2d) In [(4m*d?--y?)(d? -y?)]. —. . . . (7) 

This is the same as eqn. (6) for the shear stress from 2» screws; however, 

in this case the shear stress is about 33% greater due to the presence of 
(1—y) in the denominator of rọ. 

To find the stress necessary to force S, below S, in fig. 8 we equate the 

stress from the screws on the left to that from those on the right. Thus: 


n n 
» Tob [sts ETS Tob|2h ar 25 T 0X 
n=l n=2 


or 
Tob/d+ Ta — vob] 2h. 
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ABSTRACT 


The dynamical theory of diffraction contrast is applied to elastic inclusions. 
The visibility of such inclusions is discussed, and the best conditions for 
obtaining information about the state of strain around them derived. It is 
shown how strains can be measured around prismatic dislocation loops, and 
G.P.2-type precipitates. An Appendix shows how it may be possible 
to derive information about the type of strain field surrounding a precipitate 
by a study of its image. 


$1. INTRODUCTION 


Ix a previous paper (Ashby and Brown 1963) it was shown how the measure- 
ment of image widths of strain fields observed by diffraction contrast in 
transmission electron microscopy can yield information aboutthe magnitude 
of the strains. The method was developed for the simplest type of 
coherency strain, namely a spherically symmetrical one, and applied to the 
system Cu-2% Co, which is one of the few age-hardening systems in which 
the precipitates are of this type. It was also shown that the sign of the 
strain could be determined from the asymmetry of dark-field images of 
particles close to either surface of the foil (so-called ‘anomalous’ images). 
The theory enabled an estimate to be made of the smallest precipitate 
one could observe for a given misfit between it and the matrix. The 
object of this second paper is to illustrate and extend the theory. 

In $2 the magnitude and sign of the strains around oxide inclusions in 
internally oxidized copper alloys are determined. The information ob- 
tained enables one to select the physical process responsible for the strain. 

The visibility of particles by strain contrast is considered in some detail 
in §3, and examples are given to show how to choose the best diffraction 
conditions for observing strain contrast, and to assess the minimum size of 
inclusion visible under these conditions. 

The formation of images of precipitates by mechanisms other than 
strain contrast is briefly discussed in $4. 

In $5 the theory is extended to cover a more common type of strain field, 
such as is found around prismatic dislocation loops and plate-like 


T Now at the University of Gottingen, Institute for Metal Physics, Göttingen 
W. Germany. : ee 
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precipitates, exemplified by precipitation in the Al-4% Cu system (Preston 
1938, Calvet et al. 1939, Sileock et al. 1954). 

In $6 a summary is given of the experimental procedure to be followed | 
for measuring magnitude and sign of strain fields. i 

The experimental portion of the paper was designed to illustrate how | 
the theory can be applied, and has necessarily involved examining many d 
different alloy systems. It must be emphasized that this study has been ; 
far from exhaustive, and that more detailed experiments would certainly 
yield more information. 


$2. STUDIES or INTERNALLY OXIDIZED ALLOYS 


In this section the strain-measuring methods previously developed are 
applied to two internally oxidized alloys. The principles are briefly 
outlined in the next two paragraphs. 

Eshelby (1957, 1961) has given expressions for the elastic displacements 
surrounding inclusions of general character. His method of solving the 
elastieity problem is the following: Imagine removing from the matrix a 
region whieh will represent the inclusion. Let the material you have 
removed transform to the structure of the inclusion, in the absence of any 
matrix constraint, and let this transformation be specified by ey", the 
‘stress-free’ or ‘transformation’ strain. To replace the inclusion into the 
hole in the matrix from which it came now requires a stress to change the 

shape of the inclusion so that it fits the hole. Apply this stress, put the 
inclusion back, and glue it to the matrix again. Surface tractions now exist 
on the interface between matrix and inclusion, and when these are cancelled, 
mr eu ls 
! : iby shows that they are specified by 


T : : 
ey" and the shape of the inclusion, and further, that far from the inclusion 
> 


the displacements depend only on the e; and the volume of the inclusion. 
In the case of a spherical inclusion surrounded by radial elastic disp] 
ments, ¢;" is a pure dilatation, that is ey T m es =e T—8 and al, ho 
ey 7—0. In the case of precipitation 8 is interpreted as the fr ti di 
difference in lattice parameter between matrix and free precipit is EN 
preeipitate suffers a further strain ej" as a result of the CRIAM F 
D CM and the lattice parameter of the precipitate which Sed 
5 Xii CRAS " UI CMM E t 

e measured by x-rays for precipitates embedded in the matrix is given by 


the lattice parameter of the matrix ipli 
Dara yi x multiplie she * A : 
Nee plied by the ‘constr ained strain’ 


Eee Mgt I 


s 


and where, in the spherical case considered previously, e, is al 
dilatation; ey^—e5, =e5,°= e. eisrelatedto8 through theelasti Ciba 
of precipitate and matrix. When inclusion and matrix have M 
moduli, and when Poisson's ratio is 3, the follo equal shear 


hold: wing simple telationships 
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where AV/V represents the fractional difference in atomic volume between 


precipitate and matrix material. In any case, for elastic moduli usually 
found, 0-58 € e x 8. 


Fig. 1 


Thin foil of Cu 0-3 wt % Si, internally oxidized at 800°c, and rapidly cooled to 
room temperature. 


Fig. 2 


As fig. 1, slowly cooled to room temperature. 


Both the magnitude and sign of e can be measured from electron- 
micrographs. The experimental method, a summary of which appears in 
§ 6 of this paper, has been applied to alloys consisting of an oxide (SiO, or 
41,04) dispersed in a copper matrix. They were prepared by 'internal 
oxidation’, that is by heating copper containing a small amount of solute 


(Si or Al) in a controlled oxidizing atmosphere at a temperature between 


600°c and 1000°c for times of the order of 60 hours. Under these conditions, 
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oxygen diffuses into the alloy and reacts with the solute, giving & Dor piae 
of solute oxide in an almost pure copper matrix. Details of the technique, 
and of the structure of the alloys, have been published by Ashby and 
Smith (1963). 
2.1. Copper-Silica ! 
When the alloy Cu-0:3 wt % Si is internally oxidized, incoherent spheri- 
cal particles of amorphous silica precipitate. Electron micrographs of Han 
alloy show the silica particles to have associated strain-contrast, although, 
since the particles are amorphous, the strain cannot be due to COSE 
Figure 1 shows an example of the alloy after cooling from the temperature 
of oxidation, 800°c, in about 8min. The mean value of e, calculated 
from measurements from this and other similar micrographs, is 
ce—6x10-: 1-4x10-. Figure 2 shows the same alloy after furnace 
cooling from 800°c in about 8 hours, and there e is smaller: 
€ 0:9 x 10-3 + 0-12 x 1073. 
The errors in the strain-measuring method cannot account for this 
difference, and the experiment conclusively shows that the magnitude 
of the strain depends on the rate of cooling the specimen, and suggests 
that the strain is caused by the differential shrinkage of copper and silica 
as the specimen is cooled. The maximum stress-free strain, dmax, which 
can be obtained by cooling a copper-silica alloy from 800°c can be calculated 
from the difference in coefficients of thermal expansion. An estimate is 
Smax= 0:013. Taking «= $8, one obtains emax %9 x 10-9, and since copper 
shrinks more than silica, each silica particle should behave like an *inter- 
stitial’ inclusion. Quenched specimens might be expected to show this 
maximum elastic strain, but this is difficult to demonstrate because rapid 
rates of cooling cause the strain round the larger particles to be accom- 
modated by plastic deformation (Ashby and Smith 1963). Dark-field 
micrographs show the silica particles to be interstitial in character. 

Tt may be concluded that strain associated with silica particles in a 
copper-silica alloy is caused by the difference in coefficient of thermal 
expansion between copper and silica. A natural interpretation of the 
dependence of e on the quenching rate is that vacancy migration to the 


particle-matrix interface during the cooling reduces the misfit between the 
matrix and the inclusion. 


2.2. Copper—Alumina 
When the alloy Cu-0-25 wt % Al is internally 

like particles of crystalline y-AL,0; precipitate. The flat faces of th p 
ticles lie parallel to (111) planes of the copper matrix, and the plat : is 
lie parallel to (110) directions (Ashby and Smith 1963) When eus 
particles are small (fig. 3), less than 100A across, they HRS Cha cont E 

whose width is several times greater than the particle width, and vns 
line of no contrast always lies normal to g. The elastic displacement, a 
thus effectively radial and the method of the previous paper ean be a; died. 
Fornon-spherical particles, the parameter 79° of the previous t ud 
be replaced by 3V/4z, where V is the volume of the precipitate. rie 


oxidized, angular plate- 
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case, e was found to be 0:05+0-02. The maximum transformation strain 
which could result from differential shrinkage in this case is 5max © 0:0052, 
and it follows that the strains around these particles are caused principally 
by coherency between the precipitate and the matrix. The particles are 
of ‘interstitial’ character. As the particles grow larger, they assume more 
complicated shapes, the line of no contrast no longer always lies normal to 
g, and the theory of strain measurement no longer appliest. 


Fig. 3 


Thin foil of Cu 0-05 wt % Al, internally oxidized at 600°c, and slowly cooled 
to room temperature. 


It is clear that the changes in the strain field observed here are related 
to the loss of coherency between the partiele-matrix interface. Provided 
the crystal structure of a precipitate does not change as it grows in size. 
the measured value of e should be independent of size up to a point at which 
m M E UT EUER MO OOO M 


Tg is the reciprocal lattice vector corresponding to the Bragg planes giving 
rise to the reflection operating in the area from which the mierograph was taken. 
When the displacements are radial, the Bragg plane passing through the centre 
of the inclusion is not rotated (i.e. the displacements lie in the Bragg plane) and 
therefore the image is characterized. by a line of no contrast normal to g. 


P.M. 
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coherency starts to be lost. Strain measurements thus provide a way of 
detecting the first departure from coherency. For instance, in the system 
Cu-2% Co discussed previously (Ashby and Brown 1963) the measured 
c is constant for precipitates of diameter 60 À to 350 A, within the limits of 
experimental error, but for larger precipitates, about 6004 in diameter, 
eshows a significant decrease. (These results are for alloys quenched from 
the ageing temperatures, and might be expected to differ from those for 
different treatments.) The presence of a Moiré pattern on an inclusion 
does not constitute proof that it has lost coherency. The conditions 
necessary to give Moiré patterns can be satisfied by fully coherent particles, 
and indeed, the fringes observed at the centre of the images of coherency 
strains may be viewed as a kind of Moiré pattern. 


La 


j 
" 
d 
| 
| 
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$3. VISIBILITY OF INCLUSIONS 


An inclusion can be imaged by its strain contrast, by the difference in 
structure factor between precipitate and matrix, or by diffraction from 
planes in the inclusion which do not exist in the matrix. The latter 
mechanism requires that the inclusion be incoherent (or possibly ordered), 
and the visibility of the particle will depend upon exciting a reflection of 
sufficient intensity, from the particle planes. In this section and the 
following one the conditions for seeing inclusions by the first two mechanisms 
will be briefly discussed. 


3.1. Visibility Criterion for Strain Contrast 

An approximate criterion for visibility discussed in the previous paper was 
that an inclusion was visible if its 10% image width was larger than the 
inclusion itself. Since for faint images the strongest deviations from 
background occur near the periphery of the particle (this can be seen from 
micrographs—e.g. fig. 2, or it can be understood by noting that the Brage 
planes tangential to or just inside the particle suffer the greatest local 
rotations), this criterion amounts to saying that the intensity? of the image 
at no point differs from background by more than about 10%. In eus 
case, the size at which an inclusion becomes invisible is nearly ude pendent 

of the exact criterion chosen, except for large inclusions with E 
Figure 15 in the previous paper is the result of applying this criterion t ae 
computed image width data. Figure 4 of this paper is an expanded f 5 
of that plot for three particular metal matrices, Al, Cu and Ae adf ue 
reflections each—(111) and (422). The extinction distances red aoe 
pond to 100 kv electrons, and are taken from the previous paper ue nm 
shows whether or not an inclusion can be imaged, and, if it s E icl cem i 
of reflection will image it most clearly. ee poles 
oM 2 cee Drinsiples emerge from fig. 4. First, small inclusions 

2r, 5 60À) with large strains (ez 0-01) are imaged most clearl by usi 
reflections with short extinction distances, that is, low-order pod 
Second, inclusions with small strains (e 0:001) can only be ima, ix 
using long extinction distances—high-order reflections. ed 
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Here are some examples to illustrate the use of fig. 4. 

(1) Cobalt particles strain a copper matrix such that e=0:012. From 
fig. 4 we find that only particles of diameter greater than about 50 A will be 
visible. In the next section it will be shown that particles of this size 
cannot be imaged by ‘structure. factor contrast’ either, so such particles 
will be invisible. In agreement with this, micrographs never show 
particles of diameter smaller than this. An independent check that this is 
about the correct visibility limit has been provided by the work of Bonar 
(1962) on this alloy. He presents histograms showing the number of 
particles he has observed in a given size range, and the histograms show a 
sharp cut-off at 40 å, even in foils aged so that the previous magnetic 
measurements of Becker (1957) indicate that particles of diameter smaller 
than this exist. 


Fig. 4 


visible 
At (m) 
Cati} 


LOG, 5 (A) 


Au) 


Aun) 
AG 


invisible 


LOG pé 


Diagram showing whether or not a spherical inclusion will be visible by strain 
contrast. Extinction distances used are appropriate to 100 kv electrons 
in three metals (Au, Cu, Al) for two operating reflections each (111), 
(422). = 


(2) Furnace cooled Cu-SiO, alloys show particles with e2:0-0009. 
It is found that in agreement with the predictions of fig. 4, these strains are 
visible on (422) and (420) reflections, but that on low-order reflections, 
although some of the particles are visible by their difference in structure 
factor from the copper, no strain contrast is visible. 

(3) Small A1,0; particles in internally oxidized Cu—Al alloys are imaged 
only by strain contrast. The smallest particles visible are about 25 å wide. 
An estimate of the strain can thus be made from fig. 4, since strains of the 
order of 0-05 are necessary to render such small particles visible. 


582 
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(4) Let us take as a model of a cluster of interstitial atoms, a spherical 
inclusion for which e is very large; say e— 0:1. Then, in gold, using à 
(111) reflection, a cluster of 104 should be visible, but in aluminium it 
would have to be nearly twice as big to be seen. 

(5) The condition that the image of the strains around a stacking-fault 
tetrahedron be visible is roughly that the image width should be larger than 
the diameter of an escribed sphere about the tetrahedron. ‘The equivalent 
c for an escribed sphere about a tetrahedron of height A is: 

DAV _ 0-25 c. cold 
€tetrahedron = g—7- AR A) or gold, 
and in gold we find, from fig. 4, that the distant strain field of tetrahedra 
will not be resolved on low-order reflections. The strain field should be 
just visible, however, for tetrahedra about 200A high on higher-order 
reflections. "That this is the case can be seen from fig. 5 of Pashley and 
Presland (1961), which was taken on a (220) reflection, and shows strain 
contrast for tetrahedra about 1504 high. As expected, the usual pictures 
published for larger tetrahedra do not show strain contrast (Silcox and 
Hirsch 1959). 

It should be borne in mind that fig. 4 was derived for particles sufficiently 
far from either surface that their images are not anomalous. It sometimes 
happens that the particles showing anomalous images are the only ones to 
beseen. A simple derivation of the curves of fig. 4 for small precipitates 
will be found in Appendix III. 


$4. VISIBILITY or PARTICLES BY THICKNESS CONTRAST 


The dynami cal equations of diffraction by Howie and Whelan (1961) 
which were integrated numerically to obtain the intensity profiles of images 
due to strain contrast, can be solved analytically for a perfect crystal The 
electron structure factor F of a unit cell of material er ; 


ruct i aters these equations 
as the extinction distance £, — V cos 0 [FA i s 

| : ES , Where V is tk 
unit cell, 0, is the Bragg angle corres ; e 


ponding to the reflecti i 
wavelength of the electrons (e.g. Hirsch ef d. 1960). oe eee 


Consider a foil of thickness t, extinction distance É 
sion of thickness At, extinction distance £j, whose crystal structure i 
identical with that of the matrix. The problem is to find the ace » 
in transmitted intensity which occurs between a foil contai oM 
inclusion, and one without. If we ignore for the E dc Ens 


of the particle in the foil, the effect of the particle wi : 
effective thickness of the foil by an anoa SA e eee the 


s(-2) 


Then differentiation of the expressions given by Howie and Whel 

gives, for the change in intensity in arbitrary units for a, eos ee 

crystal, an expression which has a maximum at the exact reflecting nee 
ition 


p containing an inclu- 


(Uae 


SECOS, isl 
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(ie. S, —0)f. This maximum value is: 


1 
i AI = —2rAt (5 — z) un de ; valid for At<é,. (4.1) 
Í g g bg bq 

i Figure 5 shows how this expression predicts the main features of thickness 
B contrast. In thin crystals (t = 3£,), the effects of absorption can be neglec- 
| ted, and small changes in the thickness of the crystal will be detected 
at places where the intensity varies rapidly with thickness—that is, for 
S,=0, at t[£,—1, 2, 2, ete. Small inclusions will be invisible at places 
where eqn. (4.1) is zero—that is, at £[£,—0, 1, 1, etc. As the foil gets 
thicker, the thickness fringes die away, and the intensity varies with 
thickness chiefly by the inelastic scattering of electrons outside the 
aperture (absorption) As the theory is presently formulated, using the 
values of the absorption parameters recommended by Hashimoto et al. 
(1962), the change in intensity due to small thickness changes falls by a 
factor of ten. There is thus much to be gained by using very thin foils 
when looking for small strain-free zones. The simple theory also predicts 
whether a precipitate will appear black or white depending on whether it 


Fig. 5 

oa) 
> 
E 
ge 
I" 
E 
a6 
ul 
= 
Ei 4 
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GB 
s 

O 

[9) l 2 3 4 5 6 


FOIL THICKNESS, 
ai AA 


Diagram showing transmitted intensity oscillation with depth (5 (a)) and the 
positions of maximum visibility of particles by structure factor contrast 
(5 (b)). The position of light and dark particle images corresponds to 
€,>€,'. Light and dark images are reversed when £,«£j (see text). 
(Figure 5 (a) after Hashimoto et al. (1962).) : 


T S, is a vector which defines in reciprocal space the deviation from the Bragg 
iti OD 
H condition. 
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Fig. 6 


FOIL EDGE 


Thin foil of Al 16% Ag, solution heat treated, quenched, and aged for 66 hours 
gu 125 €, showing structure factor contrast in the case when é, >é i 
We are indebted to Dr. R. B. Nicholson for this micrograph E 


effectively increases or decreases the foil thickness. 

Al-16 wt% Ag, in which the silver-rich zones prés d ae c tm 
treated alloy is quenched and aged, £ «uh We appearance of m 
zones as predicted by formula (4.1) is shown schematically in fi m 
Figure 6} shows a thickness contour close to a foil edge in this allo x i i 
can be seen that the theory is justified. ‘The transition from Dig ene 
images is clearly shown, and the fringes lead with black images, as e um d 
For holes or etch pits, £j— co, so €,'> £, and the position of white AR : k 
images is the reverse of that shown in fig. 5 (b). This is illustrated by er 


T We are grateful to Dr. R. B. Nicholson for allowing us to publish fig. 6 
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which shows etch pits in the surface of an aluminium foil. The decreasing 
contrast of the etch pits with increasing t and s, can be seen. 

Some remarks should be made concerning the effect on the image of the 
depth of the particle in the foil. It is found that in a thin, non-absorbing 
crystal, expression (4.1) holds unchanged for s,=0; that is, the change in 
intensity is independent of the particledepth at s,=0. However, fors, 40, 


Etch pits in the surface of an electropolished foil of pure aluminium, showing 
structure factor contrast for the case when €,<€,'. The line S,=0, 
and the thickness of the foil, 7—1/£, are marked in the micrograph. 


the expression for the intensity change contains a term dependent in a 
periodic way with the position of the particle in the foil, and, in a thin, 
slab-like precipitate would give rise to fringes. Most slab-like precipitates, 
however, will introduce displacements of the matrix normal to the slab, 
and thus will give rise to fringes like stacking-fault fringes. It seems 
unlikely for this reason that the ‘structure factor fringes’ will ever be 
observed. The only practical effect of such considerations is that the 
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intensity change due to particles at various depths in the foil may depend 
on depth, and some particles may be obscured. There is thus an advantage 
in taking micrographs as close to s, — 0 as possible, for example by photo- 
graphing bend contours. This has the added advantage that the depth- 
independent contrast is a maximum there. 

At foil thicknesses where small zones are most visible, that is a6/[£, = 1/4, 
etc., the relative intensity change is given by: 


mM a) 


and this expression can be used to estimate the visibility of various precipi- 
tates. In most cases, the visibility seems to be limited by the resolution 
of the microscope, and will thus depend critically on alignment, and other 
experimental variables such as the condition of the foil surfaces, etc. 
A criterion for visibility which seems to be about right is that, for a spot to 
be recognized, it must be a patch of about 7 À in radius, with a minimum 
change in intensity from background of 10%. Suppose, then, that one is 
looking for small holes in copper. For a hole, é = œ, and expression 
(4.3) gives, for a (111) reflection using 100v electrons, 


= 2r At (4.2) 


, 


SONT 299) 
Ma iL = x0-:1=44; 
2m 2a 


thus, one should see a disk of vacancies ~ 2 lattice planes thick and 7 À in 
radius. 


Ifthe hole is spherical, the radius the sphere must have to be visible by the 
criterion given above is: 
(ro)min = V/[(7)? + (2)2]=7 4. 
While it is not possible to place much confidence in estimates 
they do illustrate certain principles which w 
(1) The geometrical shape of small precipita 
to estimates of their volume ; that is, the spot visible on a micrograph d 
not have the same dimensions as the precipitate particle, and inem ` oa 
is particularly important for small particles. TESE 
(2) Tt is essential, when looking for 
available extinction distance. 


In the case of copper-cobalt, eqn. (4.3) predicts the smallest visibl 
precipitate to be 300 A in diameter. Such a precipitate must b y 1810/6 
in a relatively thick foil, so that the true diameter for visibility S ens 
greater than this. It is therefore understandable why pr oa 
cobalt in copper are visible only by strain contrast. UE 


Such as these, 
e feel to be of importance: 
tes willintroduce a correction 


small particles, to use the shortest 


$5. STRAIN CONTRAST FROM PRISMATIC Distocatioy Lo 3 
PRECIPITATES - Rr 
Jn this section it is shown how to measure the parameter 
the strains around prismatic dislocation loops, and ‘ prism 


i.e. plate-like precipitates whose mis-match with the ma 


which determines 
atic . Precipitates, 
trix is appreciable 
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only in a direction normal to the plate. Both the magnitude and the sign 
of the strains can be determined in favourable circumstances. 


Fig. 8 


+X 


ZEN 
Eep eal 


Foil normal, 
electron motion. 


The coordinate system used for computations involving prismatic loops and 
plate-like precipitates. 


5.1. Measurement of the Magnitude of the Burgers Vector 
The coordinate system used in this section is shown in fig. 8. Set the 
Burgers vector b of a small prismatic loop, of area dy'dz', , parallel to the 
TX eA The +z direction is the direction of electron motion, 
assumed normal to g. The angle between g and the z-axis is 0. The 
cles displacements at a point Te Y, z) due to a small loop at the point 
(0, y', 2") are given by (Eshelby 1957): 


Sis bdz'dy S P 
WE un EIUS 
n 2 n) av) 
7 8z(1— v)r? l—»rr? r3 pak (5.1) 
(pe bdzdy | c eg tor 
= fer ge 
Pate gy + (2—2). 


Here v is Poisson’s ratio. We shall require the quantity £'-d[dz (g-u) 


for use in the equations of the dynamical theory of diffraction (Howie and 
Whelan 1961). It is given by: 


g= gb a ea = 3x(z—2' — 45a*(z—z) ) 
pe 


167 9 


-sinp( - 3106-2) , ast ye a 
r r 2 


(5.2) 


taking v=}. 
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The value of 8’ for a finite loop whose equation 1s 


y^ +2? =r 


is gi i i . Fr ow on, the 
is given by integration over the surface of the loop. From n ; 


caleulations will be restricted to the plane y=0. This enables one to 
calculate the image width across a line through the centre of the E 
perpendicular to it, and results in a simplification of the Sole a k 
the last term of eqn. (5.2) is an odd function of y and so does not contri ute 
to the integral. When the remaining expression is integrated over z , one 


,_ gbcos0 Ris zt: - 7 | 9x3 as] (5.3) 


where ; 
Q?=R2+ X24 224 2ZA/(?-—»), 
pm Rp X84 Zi 22/8 P) 
and all lengths are scaled with respect to the extinction distance £j; thus: 
Xow|£í, Z-sé; Rooné: P-WIléy 


(Differentiation is now with respect to Z.) Now, sufficiently far from the 


loop, (5.3) reduces to: 
_ Rfgbcosé { 3XZ 45X8Z \ 


UAB Se bu eR ERIS 


z 


finds : 


OPE AE eS ETE 


ite [nt o wmm ie) 
which is the ‘infinitesimal loop approximation’ (Kroupa 1962) for the 
problem. Equation (5.4) shows that the image width is determined by 
Rgb cos 0 —rfgb cos0[£?; this quantity replaces egr,3/é,2 as the quantity 
which can be measured from micrographs. The first term in (5.4) is indeed 
of the same form as the corresponding expression for spherical partieles, 
and it might be expected that the theory previously developed for spherical 
particles could easily be modified to apply to loops. Experience has shown 
however, that the infinitesimal loop approximation leads to Serious oo 
estimates of the image widths, except for very small loops. It is therefore 
necessary to use eqn. (5.3) to compute the required image widths. 
been done for a number of values of R, and the results are shown in fig. 9 
No use is made of the 50% and 2% image widths because in the cass of 
loops, it is possible for the image never to deviate by 50% Ron the back- 
ground, and the 2% image width has been found to be the least reliable d 
hardest to measure. The upper curve in fig. 9 was calculat F 
approximate expression (5.4) and applies only to very small lo 
k, infinitesimal). Usually R, has a measurable value and 
vector can be measured from fig. 9 by interpolation harean the 
pair of curves. Curves for Aj finite can be seen to approach t 
R, infinitesimal for sufficiently large image widths. 
strain caused by prismatic loops and plates to be me 
of the previous paper (Ashby and Brown 1963) allowe 
spherical inclusions to be measured. 


This has 


ed using the 
ops (strictly, 
the Burgers 
appropriate 
he curve for 
Figure 9 allows the 
asured, just as fig. 9 
d the strain caused by 
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Fig. 9 


image width 


3 


EE: gb cos J 


Summary of image width data for prismatic loops and precipitates. 


Foil 
taken as 5£, thick, S,=0, £,[£, =0-1. 


Fig. 10 


Prismatic dislocation loops in super pure 


; aluminium, 
into water at room temperature. 


quenched from 600° 
See text for e es 


Xplanation of symbols. 
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No attempt was made to calculate the variation of the width of the loop 
image with foil thickness, absorption parameters, ete., because the simi- 
larity in the elastic field between loops and spherical inclusions makes it 
probable that the results of the previous calculation willhold. Calculations 
have been made, however, to investigate the effect of an angle between the 
loop plane and the z-axis on the image width. For situations in which the 
approximation (5.4) is valid, tilts of up to 15° have no effect on the image 
width; indeed, tilts of up to 30° will probably introduce less error into any 
determination of b than the experimental error. : 

As an illustration of the use of fig. 9, consider the case of hexagonal pris- 

matic loops on (111) planes in quenched aluminium. An example is shown 
infig. 10. An extinction contour due to a (420) reflection crosses the loops, 
and thus the condition s,=0 is fulfilled. They are inclined 15° to the foil 
normal, which is an allowable inclination according to the previous para- 
graph. The planes y — 0 make traces in the plane of the foil as shown; in 
this case, the planes y=0 are (211) planes, and make an angle of 43° with 
g; thus 0—43?. "To determine the Burgers vector, the loop radius and the 
20% image width are measured. The appropriate curve of fig. 9 is selected, 
and the value of r?gb cos 0/£ ? for the observed image widthisfound. Hence, 
the magnitude of b can be determined. In order to test the theory, loops 
suchas those of fig. 10, with radii varying from R, — 0-1 to 0:5, were measured. 
The measured Burgers vector was 0 — 2-16 + 0-29 å (95% confidence limits, 

16 determinations) The expected value of b in this material is 2-33 à. 

The experimental value is thus consistent with the theoretical value, and 
one can conclude that the method of measurement is correct, and that the 
various assumptions made in the derivation of fig. 9 are justified. A table 
of values necessary to construct fig. 9 is given in Appendix I. 
At this point, consider the relationship between a prismatic loop and a 
plate of tetragonal precipitate, with its tetrad axis normal to the plate. 
T o make the loop, following the procedure of Eshelby (1957, 1961) outlined. 
in $2.1, a plate of material is removed from t] 4 Ru E 
2 ue ee o : rom the matrix. Consider the plate 
E of ness 4, and of radius 7; the plate lying perpendicular to the 
x direction. To represent the prismatie loop of eqns. (5.1) add one atomic 


jlane to the plate. The stress-fr 'ain i i i 
P E 1 x : ess free Strain is thus given by e,"=b/a; all 
ler 6; —0. To make the precipitate, let the plate transform to its 
tetragonal structure by some unknown strain eu"; it follows that the 
a 5 r > Des S . i : S 
equivalent b for the precipitateis given by ae,,". There are two unknown. 


parameters for the precipitate, its thickness and its Stress-free strain, and 
the strain-measuring method will give the product of these two Now ask 
shat is the relationship betw Dn a] : ; IE 
w hat is die tn on petw eg eu and e,,°, the constrained strain for the 
precipitate? (Note that e,,€ is simply the axial ratio measured by x-ra 
for the precipitate embedded in the matrix.) uA 
Assuming equal elastic moduli of matrix and 


: ‘ precipitate, a; i 
formulae given by Eshelby (1957) P nd using tho 


. one finds for an ellipsoidal plate : 


5 -2 
€ eal 1 —2y he m 
11 eue 


l 2(1—»)5 
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For thin plates such as are usually found, a/7;<1, and thus e,,'~e,,°. 
The matrix completely accommodates the tetragonal precipitate, and the 
axial ratio measured by x-rays will correspond closely to the axial ratio 
measured for the free precipitate. In the notation of $2, eg? x0. 


Fig. 11 


Thin foil of aluminium 4% Cu, solution heat treated at 545°C, quenched into 
water at room temperature, and aged 5 hours at 190°c. Images suitable 
for measurement are arrowed. We are indebted to Dr. R. B. Nicholson 
for the sample from which this foil was made. 


To illustrate the application of the theory to precipitates of this sort, 
we have chosen the system Al-4% Cu, on which considerable X-ray work 
has been done (see e.g. Preston 1938). Figure 11 shows an example of 
G.P.2 zones. The normal to the foil is [001], and g has been chosen as 
(200), perpendicular to one set of the plate-like precipitates. Neither ofthe 
other two sets are visible by strain contrast; for these g'b-0 and the 
displacements necessary to produce contrast are small. Measurement of 
five images from fig. 11 (choosing only the symmetrical ones—see $6) 
gives for the equivalent b of the precipitate b — 0-76 +0-11å. 
data of Silcock et al. (1954) for a similarly treated alloy give the c 
of the zones as 7-68 + 0-074. Now if the plates are two aluminium planes 
thick, the * Burgers vector’ would be 8-08 — 1.68 —0-40& ; if three, 0-60 4 ; 
if four, 0-80 å, ete. The observations thus sug i i 


TUE. - ! ggest that the plates are four 
aluminium planes thick; uncertainties in these measurements and those of 


The x-ray 
-parameter 
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Silcock et al. do not quite eliminate the possibility that the plates are three 
or five planes thick. 

It is difficult to measure directly the thickness of the zones from fig. 11, 
because all one can really see is the width of the line of no contrast for the 
image. Furthermore, the appearance of the images of precipitates far 
from a bend contour (that is, those images which are due to the difference in 
structure factor between precipitate and matrix) will depend critically on 
slight tilts of the plate. 

A closer study of this system would undoubtedly yield much information 
about the thickness of the plates, and their change in axial ratio as the 
ageing proceeds. For work of this sort, a density of precipitation less than 
that shown in fig. 11 would be desirable, and a more dilute alloy should be 
used. 

To sum up this section: The strain-measuring methods of the previous 
paper can be used to determine the Burgers vectors of prismatic dislocation 
loops, and hence, because of the close correspondence between plate-like 
precipitates and prismatic loops, the product of the axial ratio and the 
thickness of the precipitate. 


5.2. The Determination of the Sign of b 
In the previous paper a method was given for determining the sign of e 
for a spherical inclusion. This method relied on the fact that inclusions 
close to a foil surface were characterized by an anomalously wide asym- 
metrical image. The sense of the asymmetry on dark-field micropta phs 
gives the sign of e. pal 
; It is expected that a similar result will hold for prismatic loops perpen 
dicular to g. This case may be treated by approximating the ee d : 
infinite edge dislocation dipole near the top surface of do ol and : He 
to it, and approximating a loop intersecting the foil surface to m 
edge dislocation near the top surface of the foil. Surface Goma a single 
displacements derived from the expressions of Head (1953 E 
The ee of only the top surface of the foil was taken into a 
resulting image profiles for single dislocations ar 3 
correspond to an interstitial il Meroe SE fig. 12, and 
The corresponding profiles for vacancy loops can be obtai E : 
changing +v and —x. The profiles shown are for the bids py nter 
they will be nearly the same as the dark-field profiles for dis] zn s SR 
half an extinction distance of either surface of the foil ESSE un 
profiles for dislocations within half an extinction distano ; puentidla 
surface can be found approximately by interchancine ee 3 d bottom 
12. It can be seen that loops intersecting either Pu of dnd Eun fig. 
anomalously wide images, and that interstitial loops will oe oil will give 
images black in the direction of positive g, provided the o lu 
of the loop lies within about half an extinction distance fr ene 
surface. Baron either foi] 
There is, especially for dislocations deep in the foil (more tha; 
extinction distance from either surface), a change in bids E ee 
nsity 


were used. 
ccount. The 
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across the dislocation. The results from bending of the foil due to the 
dislocation. The one-surface approximation used here cannot give this 
accurately, of course ; a more accurate treatment of the effect is to be found 
in Siems et al. (1962). It is instructive to compare the image in their 
fig. 15 (p. 436) with the profiles of fig.. 12 for g- b=2. 


Fig. 12 


g.b=! g.b=2 


Profiles showing how the image of a single dislocation changes with depth 
below the upper surface of a foil, 5 £, thick, for depths of 0-05, 0-01, 0-25, 
0-5, 1-0 and 2-0 é. S,—0, €,/€,’=0-1, bright-field profiles. 


Computations for prismatic loops or plates not intersecting the foil surface 
gave the following information. When the loop radius is less than i 
of an extinction distance, loops very close to either surface of the foil give 
asymmetric, anomalous images, whose asymmetry (i.e. which side is light 
and which dark) correctly predicts the sign of the loop according to the rule 
above. However, there exist certain positions of the loop below the sur- 
face of the foil which give the opposite asymmetry. 
intense, and narrower than the truly anomalous ones. 
dark-field micrograph gives a unique value for the sign 
it must be the correct one. 


These images are less 
It follows, that if a 


of a loop (or plate), 
If it does not, the experimental procedure is to 
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move to thicker regions of foil until a unique result is obtained. In this 
way it may be verified that G.P.2 is of vacancy type. 

Attempts were made to use the method to determine the nature of the 
prismatic loops in quenched aluminium. However, there were no loops 
with striking anomalous images, and certainly no loops intersecting a 
surface. This may be due to the fact that loops in face-centred materials 
can undergo dislocation reactions to become glissile, and can thus, under the 
influence of their image forces, glide out of the crystal, leaving a denuded 
surface layer. The observations would suggest that such a layer must be 
at least half an extinction distance thick (greater than 250 A say). 

However, bombardment of metal foils with low energy (~100 ev) 
heavy ions produces surface damage thought to consist of interstitial dislo- 
cation loops confined to a surface layer of about 150 À thick on the side of the 
foil which was bombarded (Brandon and Bowden 1961, Brandon et al. 1962, 
Bowden 1962). Figures 13 and 14 show a copper foil which was bombar- 
ded to a dose of 1:3x 10A* ions at 5°c. The foil was bombarded 
in the cartridge used to hold the specimen in the microscope, and the 

ions were incident on the lower surface of the foil; that is, the side from 
which electrons emerge when the foil is viewed in transmission. The 
foil was then turned over in the cartridge, and figs. 15 and 16 taken. The 
micrographs are all from approximately the same area in the foil, and in 
each one, there is a strong contour due to the (220) reflection. The images 
of the bright-field fig. 13 are almost complementary to those of the dark- 
field fig. 14; the damage therefore lies close to the bombarded surface of the 
foil. Inagreement with the theory, when the foil is turned over, the bright- 
field images (fig. 15) become almost identical with the dark-field images 
(fig. 16). For all these images g-b—2. A comparison of the profiles 
in fig. 12 with the observed profiles shows that the damage is of interstitial 
character. The best explanation of the contrast would be that it is due to 
single dislocations about 0:1£, to 0-25 é, (between 50 and 150 A) below 


the surface of the foil, of a sign which would correspond to an interstitial 
loop intersecting the surface. 


Gratitude is due to Dr. 


P. Bowden for irradiating the foi 
15 and 16. 8 the foils of figs. 13, 14, 


$6. SUMMARY OF TECHNIQUE FOR MEASURING THE SIGN AN 
OF STRAIN PARAMETERS 


There are two stages in applying the techni 


deu dE r ques of this and the previ 
paper. First, itis essential to establish that the strains are of the Do 
have been considered, and if zhi o m dd 
ve been considered, and if so, which of the two str àm-measuring methods 


is applicable. A systematie way of deciding this is outlined in $6.1. 


Second, micrographs must be taken which fulfil the conditions menti 
in $$6.2 and 6.3. unen 


D MAGNITUDE 


6.1, Symmetry Properties of the Displacements 
The type of transformation strain for a given precipiti 


Y N CA ate ma 
mined by studying the line of no contrast (Appendix IL). pcr 


In what follows, 
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Fig. 13 Fig. 14 


aime iiit RN 


| . BRIGHT FIELD 


BOTTOM | 


sae ce Ta inu xp cte ct Ce ae Sern SSSA cum em got ie qoc a MSS Kit 


j Fig. 15 Fig. 16 


Figs.13and14. Radiation damage, close to the lower surface of a copper foil, in 
bright and dark field. 


Figs. 15 and 16. Radiation damage close to the upper surface of the foil, in 
bright and dark field. See text for full explanation. 


a ‘line of no contrast’ is a line through the centre of the image of the defect 
on a micrograph, which is characterized by having the local background 
intensity and by being normal to g, when only one reflection operates. 
Then,ifthreenon-coplanar values of g, no two of which are at right angles, 
! each give rise to a line of no contrast in the image, the displacements are 


P.M. 


5T 
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radial, and the stress-free strain is a pure dilatation. This is the criterion. 
for applying the strain-measuring method developed in the previous paper, 
and applied in $2 of this one (Method 1). Usually, instead of operating 
with different reflections to produce images of the same precipitate, ong 
can take advantage of the fact that most precipitates lie on a whole family 
of habit planes; thus, if the matrix is cubic, it is only necessary to establish 
that the line of no contrast exists for one value of g not at right angles to the 
habit plane, for every precipitate in the family. This was true for the alu- 
mina particles shown in fig. 3, and it was for this reason that the Method 1 
was applied to them, even though they are plates. Since this contrast 
behaviour proves that the transformation strain is a pure dilatation, 
it follows that the alumina has a cubic structure. 
More complicated strain fields may give rise to pseudo lines of no contrast, 
but these do not lie normal to g. Method 1 is not applicable to these 
strain fields. A special case, that of the strain field due to prismatic dis- 
location loops, or due to a plate-like precipitate which matches the matrix 
in all directions except a direction normal to the plate, is treated in this 
paper. If loops or precipitates are known to be of this type, the strains 
around them can be measured by the method developed in $5 of this paper 
(Method 2). The only rigorous way to establish that Method 2 can be 
applied to precipitates is to study the structure of the extracted precipitate. 
However, as long as the following conditions are satisfied, the precipitate 
must approximate to uni-directional misfit: 

(1) For plates on edge in the foil, there must be a strong image with a line 
of no contrast when g is normal to the plate ; 

(2) For plates on edge in the foil, there must ben 
of the plate when g is parallel to the plate ; 

(3) For plates in the plane of the foil, all g's are in the 
Ifa peripheral image is visible (and it will only 
strains, or for dislocation loops) 1 
contrast, 

Conditions (1) and (3) are sufficient to establish that dislocation loops 
are prismatic; and that the principal strains of the transformati 3 R 
in the plane of a precipitate are equal (see A dix PEA Snin 
meant to ensure th inci p e ih condition (2) is 

; s at the principal strains in the y] f a 
small; it is impossible ever to prove fr plane of the precipitate are 
2 Prove irom a study of the line of no contrast 


that they are zero. However, G.P.9 plates sati 
à ;wl.z sf th. TA 
and we have assumed that Method 2 is arien B pene ions, 


o image at the periphery 


i plane of the plate. 
] be visible for plates with large 
1t must be characterized by a line of no 


6.2. Strain-measuring Methods 
The procedure of §6.1 allows the appropriate meth 
Method 1 measures the constrained strain €. m a r ed 
« and 6, the fractional misfit between particle and matrix Eu ries 
in Ashby and Brown (1963), $2. The conditions which d eed 
when taking bright-field micrographs for measuring strains are euis aT 
a 
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paper in $4.1. If the particle is spherical, it is necessary to measure its 
radius, 7); if it is not spherical, its volume V must be estimated, and Noe 
replaced by 3V/4z. For non-spherical particles, it is important that g is 
chosen so that the image width is considerably larger than the width of the 
particle. 

Method 2 measures the Burgers vector b of a loop, or the product of the 
thickness of a plate-like precipitate and its constrained strain normal to the 
plane of the plate. In this case, the constrained strain is equal to the 
fractional misfit between plate and matrix. Bright-field micrographs are 
taken, as in Method 1, with s, — 0 for only one reflection. The foil thickness 
must be large compared to the plate radius; sayt>10r, One set of plates 
or loops must be inclined less than 20° from the foil normal, and gis chosen 
so that a conveniently wide image is obtained (see, for example, figs. 10 
and 11). ‘The procedureis then as follows: A particle or loop with a roughly 
symmetrical image is chosen, and its radius is measured. The 20% image 
is measured along a line which is the trace in the foil surface of a plane 
containing the Burgers vector and electron beam directions ; that is, along 
the line Y —0 on fig. 10). gis obtained from the diffraction pattern, and 
the angle between g and the line Y —0 is measured; that is, the angle 0 
of fig. 10. The extinction distance is calculated, and the plate radius and 
image width scaled to the extinction distance. The appropriate curve of 
fig. 9 of this paper is selected, a value of r?gb cos 6/é,? is read off, and b 
calculated. The possible errors in these measurements are discussed in the 
previous paper. 

6.3. Measurement of the Sign of the Strains 

To determine whether a given inclusion is ‘vacancy’ (e, 0 < 0) or ‘inter- 
stitial’ (e, b » 0), dark-field micrographs must be taken. In the case of 
loops or plates, g must be chosen so that one set of plates is normal, or 
nearly normal (say within 20°) to the foil surface, and g must be chosen 
normal or nearly normal to the plane of the loop or plate. If, on a positive 
print of an aberration-free dark-field micrograph, there exist images 
characteristically wide and consistently asymmetrical, the sense of the 
asymmetry indicates the type of inclusion. For interstitial inclusions, 
such images are dark on the side of positive g; and white on the side of 
negative g. For vacancy inclusions, the situation is reversed. 

In the case of loops and plates, some asymmetrical images may exist 
with the wrong type of asymmetry. If this is the case, it may be helpful 
to use a thicker foil to achieve a consistent result. 
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APPENDIX II 
Eshelby (1957, 1961) gives a formula for the displacements around a 
general inclusion sufficiently far from the inclusion that the volume of the 
inclusion can be considered infinitesimal. According to this formula 
the radial component of the displacement is given by : 
V 
= —— i — = T y 
U, Sz(1— y)? { (1—2v)(e,,7 + Cog! + £331) 


+ (5 — 4v) (en Th + Conta? + ess lo 4 20 TII 420 TET + 26357 L,]5)) 
2 PONAM 


(II 1) 
Here V is the volume of the inclusion, and lola l 
(relative to the unstrained axes) of the line joiningt 
to the point of observation r. The tangential co 
ment is given by: 


V 


are the direction cosines 
he centre of the inclusion 
mponent of the displace- 


SS ee 2 =2 ^ " 
= BL vy PA -2v)(ess hm; + e hrs 6s Los ee (Tm, + Tym) 
T 
+ eig (hams + lamma) + es (Lm, + Lm (If 2) 
where t is a unit vector with direction cosine 
ss 8 Mi, Ms, Ms perpendicular 
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It is convenient to think of u as being composed of two vectors, u° and 
ue’. The former is always radial, and is given by 
V 


U9 = 13 (enl? + Cop ba? + gg “Ug” + 2€ 19 lila + 21g LL, 
8z(1—v)r? F 


+ 293 lalz) — (1 — 2v) (e11 + e22" + e33")} : 


The latter can be found by the following construction. At the centre of the 
inclusion, draw the reciprocal strain ellipsoid of the transformation strain. 
The direction of ue for a given r is normal to the surface of the ellipsoid at the 
point where r intersects the ellipsoid. The magnitude of ue is just the 
magnitude of the displacement which would have been caused at the point 
r if the whole medium had suffered a homogeneous strain 


V(1—2y) eT. 
4m(1l— v) ” 


These relationships follow from a comparison of eqns. (II 1) and (II2) 
with the usual expressions for the displacement of the end of a filament due 
to a finite homogeneous strain in terms of radial and tangential components. 

The advantage of using the two vectors u° and ue is that ue is the com- 
ponent of the displacement which determines whether or not the image of 
the strain field in the electron microscope contains a line of no contrast. 
For the existence of a line of no contrast implies that in the plane containing 
the foil normal and the line of no contrast, g.u=0. Thus we have 
g.u°=0 and g.ue—0; the only other possibility is that all displacements 
are zero. ‘The first condition implies that the line of no contrast is perpen- 
dicular to g. The second condition implies that the vector g is parallel to 
a principal axis of the transformation strain ellipsoid. 

This can be seen easily in terms of the Bragg planes causing the contrast. 
If we imagine the Bragg plane through the centre of the inclusion cutting 
the reciprocal strain ellipsoid drawn there, the condition g . ue = 0 states that 
the Bragg plane must intersect the ellipsoid at right angles to the tangent 
planes drawn at the points of intersection. This can only be true if the 
Bragg plane is a principal plane of the ellipsoid. 

From these considerations it follows that a study of the line of no contrast 
can reveal the symmetry properties of the transformation strain, and can 
fix the principal axes of the transformation strain with respect to the 
crystallographic axes of the matrix. The discovery of two values of g 
at right angles which produce lines of no contrast is sufficient to do this. 
If two values of g, not at right angles, each produce a line of no contrast, 
then the strain ellipsoid is an ellipsoid of revolution, with the axis of 
revolution normal to the plane containing both g’s (alternatively, the axis of 
revolution is the line of intersection of the two sets of Bragg planes). 
If three non-coplanar values of g, no two of which are at right angles, each 
produce a line of no contrast, then the ellipsoid is a sphere, and the transfor- 
mation strain is a pure dilatation. 
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Usually it will be possible to take advantage of the crystal symmetry of 
the matrix to determine which of the possible cases applies to SENON IERS 
pitate. For instance, since the four (111) directions ina cubic lebuce ee 
equivalent, and not orthogonal, if all precipitates in a foil show n 01 
no contrast on a (111) reflection, the stress-free strain is a pure dan oa 
The same applies to (311) and (331) reflections, but not to (200) or (220) 
reflections. : 

The above considerations are limited in their usefulness in that they 
apply only to that part of the image which is sufficiently far from the 
inclusion for the approximate formulae (IL1) and (II2) to hold. Tt is 
easy to see, however, that a sufficient condition for there to be a line of no 
contrast is that the Bragg plames of the operating reflection should be 
symmetry planes of the inclusion. By asymmetry plane is meant a plane 
of symmetry of the inclusion itself, as well as a principal plane of the 
reciprocal transformation strain ellipsoid. The displacement at a point 

r due to the inclusion will be unaffected if the inclusion is reflected in the 
symmetry plane. Hence, for points r lying in the symmetry plane, the 
displacements must lie in the symmetry plane ; and if the symmetry plane is 
normal to g, g.u=0 for all points in the plane. 

It is possible, using the results of this Appendix, to work out rapidly which 
reflections will give a line of no contrast for given inclusions. For instance, 
since {110} planes are symmetry planes for stacking-fault tetrahedra in 
f.c.c., micrographs taken with g= (220) will show lines of no contrast in the 


images. Reference to fig. 5 of Pashley and Presland (1961) shows that this is 
the case. 


APPENDIX III 


The purpose of this Appendix is to derive the curves for the visibility of 
particles whose radius is much smaller than an extinction distance. The 
basis of the argument is the amplitude-phase diagram representing 
scattering from a perfect crystal at the exact Bragg reflecting position 
(Hirsch etal. 1960). Figure 17 (a) shows such a diagram. The amplitude- 
phase diagram is a circle of circumference equal to the extinction distanc 
and for a foil of thickness t, the length AB would represent S, the amplit à 
of the diffracted wave, and the length BC would represent T. the se 
of the transmitted wave. Unit amplitude in this construction is tak um 
£j?v. Figure 17(b) shows the situation in an imperfect cryst d f 2. 
column passing tangential to a spherical inclusion. The ia E ps 
which the amplitude diffracted from the perfect crystal differ, fe ae Ly 
amplitude diffracted from the imperfect crystal is given by: E 


2megrt 
Here, we have assumed that the displacements arer 
U, = erg?[r?; r?—r* +27; and that the z-axis is the 
electrons. Now « is zero far from the centre 
only have appreciable value within a distance o 


a= 27g.u= 


adial, and are given b 

. . y 
direction of motion of the 
of the inclusion, and will 
f a few r, from the centre. 
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Fig. 17 


(a) 


Amplitude—phase diagram for perfect crystal oriented for exact Bragg reflection 
(17 a) and for a column tangential to a small spherical inclusion (17 5). 
In fig. 17 (a) the length AB —£,/z sin zt/£, — S, the amplitude of the 
diffracted beam at depth ¢ in a crystal oriented for exact Bragg reflection. 
Figure 17 (b) illustrates schematically how the amplitudes change their 
locus from the initial to the final circle in the neighbourhood of a spherical 
inclusion. Zero foil thickness is taken as the point A (fig. 17 (a)). 


Provided that 7, is much smaller than the circumference of the circles, and 
provided that the deviation from the initial to the final circle is not great, 
so that the additional scattering caused by the change in 7' and S is not 
great, it will be seen that itis possible to think of o as assuming its maximum 
value 27egry for a distance ~ro; and thus causing the separation between 
the initial and final circles to be approximately 27egr,?. Using the sepa- 
ration of the initial and final circles over the diameter of one of them as a 
measure of the fractional change in amplitude caused by the elastic displace- 
ments, we find for the fractional change in amplitude : 
AT — 9mzegn 
m Gea 

Ifit is now assumed that the column tangential to the particle is the column 
for which the deviation from background intensity is greatest, then this 
deviation must be greater than a certain amount for the particle to be 
visible. Thus the condition for visibility can be written: 


2 
eq 
S90" > const. 


g 
The condition for visibility from fig. 4 is given by: 
Se eh Set ee ee (UL) 
g 
for sufficiently small particles. It is thus possible to derive in a simple 
way the greater part of fig. 4, to within an arbitrary constant. 
Formula (III 1) shows that when the extinction distance increases faster 
than g, there is an advantage in using small g's, or low order reflections. 
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In face-centred metals, when the Bragg angle is sufficiently aoe the 
extinction distance increases as g?, so there is nearly always such an 
advantage. oe ; : i 
It is hoped to give a fuller discussion of the visibility of inclusions at a | 
later date. 
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ABSTRACT 


In studying the transmission of 75 kev protons through thin crystals of Au, 
penetration was found to be greatly enhanced when ions were incident along 
<110> directions. In another experiment, the reflection of 50 kev H+, Het, 
Net and Xe* ions from the (110) surface of a Cu crystal was found to diminish 
sharply whenever incidence occurred along low-index directions or parallel 
tolow-index planes. The results of these two experiments are considered as 
evidence for the easy passage of ion trajectories along open channels in the 
crystal lattice. Two types of channel are thought to exist in f.c.c. lattices, 
those formed in two dimensions between adjacent close-packed planes of 
atoms, and those between rows of atoms in a particular direction. The 
experiments suggest the most favoured in the first category to be between 
(111) or (100) planes, and in the second category between the «110» or «100» 
TOWS. 

It is shown that channelling could occur as the result of a series of glancing 
collisions with atoms on the lattice. These introduce an effective potential 
well aeross the channel which reflects the ion trajectory back and forth as it 
passes through. In the case of light ions it is predicted that a square well 
potential is a good approximation, and this is borne out by the observations. 

The slowing down of the lighter ions in channels is predominantly due to 
collision with olectrons. Ranges in the channels are expected to be enhanced 
in the ratio of tho average electron density in the crystal to that along the 
channel. Observationsshow that radiation damage to the lattice can block the 
channels and prevent long trajectories. 


$1. INTRODUCTION 


Ir has been suggested that the trajectory of an ion in a crystal may be led 
into intrinsic open channels in its structure by a series of small-angle 
collisions. This could only occur at energies where the mean free path 
between wide angle collisions is much greater than the lattice spacing but 
where the cross section for small-angle deflections is sufficient for the chan- 
nels to be effective. 

By applying the Monte Carlo technique to compute the trajectories of 
Cu atoms recoiling in a Cu crystal Robinson ef al. (1962, private communi- 
cation) have predicted that channelling should occur around 10 kev 
along (110), (100) and (111). An analytical treatment of the same 
problem by Lehmann and Leibfried (1962, private communication) 
reaches the same conclusion. In both calculations the dominant inter- 
action is shown to be the closed-shell repulsion between the Cu ion cores. 
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Some limited evidence for channelled recoil trajectories between {111} 
planes in Cu has been found in the high-energy sputtering patterns ue 
Cu single crystals (Nelson and Thompson 1962). The pon 
sputtering ratio as a function of angle of ion incidence ona Cu single E ysta 
(Almén and Bruce 1961, Fluit 1961) is consistent with the incident ions 
passing down channels, but again the evidence is ambiguous. 

A direct observation of channelling by transmission experiments is 
reported below, together with further indirect evidence from a study of 
ion reflection from single crystals. 


§ 2. THE EXPERIMENTS 
2.1. Transmission Through Thin Crystals 


Thin Au foils were prepared by epitaxial condensation on a mica substrate 
at 300°cin vacuum. Details of the apparatus and technique may be found 
elsewhere (Thompson and Hall 1961). In order to remove the foils from 
the substrate, a 100 & coating of Ag was applied before the Au. When the 
substrate, with foil adhering, was soaked in dilute nitric acid the Ag 
dissolved and the Au foil was freed. Foils were mounted on electron 
microscope grids to make manipulation easier and remained on these 
throughout the experiment. 

Some foils of about 3004 thickness were first examined in the electron 
microscope, and were found to consist of small crystals, extending through 
the thickness of the foil and about 2500 4 in diameter. The crystals lay 
in two sharply defined orientations, each with a {111} plane parallel to the 
surface and related to one another by a simple twinning rotation through 
180° about their (111) axes. For the experiment, a foil between 3000 and 
40004 thick was prepared in a similar way and found to have similar 
crystal orientations. The thickness was estimated by observing the trans- 
tho timo akon fori o booms amaaa oe one aiia andlmmonsnning 
approximately known (Heavens 1960), C ae ee ee 

í - Condensation was then continued 


for a period calculated to give the required thickn 
peri ess. Alt 
greater thickness prevented oxamination ir e 


reasonable to assume that the crystals were at least a 
foils and that they would again extend throu 

In the experiment the thick foil was mount 
our Heavy Ion Accelerator (Barnfield et al. 1961) 
ion beam was incident at 35° to the foil’s norm 
penetrated landed on an electrode connected + 


as shown in fig. 1. The 
al and those ions which 
o adc. amplifier. The 
prevent the capture of 
‘held constant at about 
Imm diameter, The 
onstant angular speed 
amplifier wag displayed 


electrode was biased with 120 v relative to the foil to 
secondary electrons. The incident ion current wag 
0-44 throughout, and landed within a circle of 
foil in its holder was rotated about its normal at a e 
by a synchronous motor, whilst the output from the 


KA pt Aetoli ains d demon éco Oe 
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Fig. l 


TRANSMITTED 
GRID 
> ^ 


FUE j e ION BEAM 


^w 
OIL INS 


~ (up 
The transmission experiment. 
Fig. 2 
ko Kro uo «uo «uo» «ic» 


TRANSMITTED CURRENT IjAxIO? 


op [39 120 150 240 300 360° 


The transmission of 75 kev protons through a gold crystal. Electrode current 
J for a constant J)>=0-4 wa, as a function of 0, the angular position of the 
target foil. The foil was rotated about its normal which coincided with 
the <111> axes, and the beam was incident at 35° to the normal. 


on a recording millivoltmeter. Due to the mechanical arrangement, the 
foil could only be rotated through 300° rather than the full 360°. 
In fig. 2 we show the electrode current as 


n a function of the a ne 
position of the foil for 75kev. Maxim me 


à are observed at intervals of 60° 
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for both protons and He* ions at 75 kev, but the maxima were less 
pronounced for the He*ions. Heavier ions from the accelerator, which is 
limited to 100 kv accelerating potential, could not penetrate the foil. Donne 
a prolonged irradiation with Hetions giving a dose of the order 1018 ion que ; 
the maxima gradually disappeared. On changing back to protons they 
did not reappear. ee 
The maxima occurred at positions where the ions were incident along 
(110) directions of the gold crystals. The apparent six-fold symmetry 1s 
due to the presence of the twin orientations. The (110) channels are 
expected to be the most favoured in f.c.c. crystals and our observation of 
enhanced penetration in these directions suggests that such channelling 
does occur. The unequal intensities of the maxima are most probably due 
to slight misalignment of the foil. 
The disappearance of the maxima after a large dose of Het ions could be 
due to disruption of the channels by either displaced Au atoms in the lattice 
or interstitial He atoms. Electron microscopy of metal foils after similar 
irradiations (Nelson 1962 and Beevers and Nelson 1961) has shown that 
displaced atoms collectinto dislocationloops and othersmallregions of strain 
and bubbles are formed which presumably contain He. These bubbles 
suggest that interstitial He is not present in our channelling experiment 
but the observed density of dislocation loops, etc. at doses of order 1019 He* 
ion cm~? is quite sufficient to disrupt each channel in a 3000 å crystal several 
times. The fact that Au atoms are displaced 30 times more frequently 
by He* ions than by an equal current density of H+ ions at the same energy 
(Kinchin and Pease 1955) might explain why the maxima did not disappear 
during the H+ ion experiment. 
The fact that the maxima can be made to disappear in this way, is con- 
clusive proof that they are not due to macroscopic holes in the foil having 


a preferred direction, or to any sharply anisotropic secondary electron 
emission effects. 


2.2. Reflection of Tons by a Crystal 

The second experiment is illustrated infig.3. Anionbeam impinged ona 

thick Cu crystal, rotated at a constant speed as above, with the direction of 
incidence making an angle ¢ with the axi 


s of rotation. This axis l 
the surface normal and the (110) direction o£ the erystal. The Eu: of 


lon incidence was therefore constant relative to th 


: € macroscopic : 
An electrode entirely enclosed the crystal, but for a small cH 


1 mm in diameter and 1 em long, through which the ions i 

: i : 2 assed. 
biased with — 120 v relative to the crystal to discourage Re a 
travelling from the target to the electrode. The geometrical disposition. 
of apertures in the ion beam was such as to lim 


it the angulardiverge 
maximum of + 1:5°, but the mean divergence is expected to Ri eM 
+1°, 


_The current J, to the crystal and the current I to the electrode were 
simultaneously recorded as the crystal rotated, and values of I were 


1 
jd 


BUA Ho TCU ee 
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corrected to allow for any small drifts in J, during the course of an experi- 
ment. J) was several times greater than J. Since the secondary electron 
coefficient for the ions used in this experiment is <1 and some may have 
energies in excess of 120 ev (see Massey and Burhop, Electronic and Ionic 
Impact Phenomena, O.U.P.), the current J, is only roughly equal to the 
incident ion current. Furthermore, the current J measured on the elec- 
trode, does not simply give the number of incident particles that are 
reflected, since several other effects could contribute, such as: neutraliza- 
tion on reflection, photo-electric emission from the electrode and secondary 
electron emission from the electrode. However, one may reasonabl yexpect 
I to be proportional to the number of reflected particles. 
Fig. 3 


CRYSTAL 
| 
COLLECTOR 


The reflection experiment. 


The ratio |I max, where Imax is the maximum value of Jin each experiment, 
is plotted as a function of the angular position of the crystal for 50 kev 
Net ions and $= 60° in fig. 4. A series of minima occur when the beam is 
incident along low-index directions or parallel to low-index planes. In 
fig. 5 the results for 50 kev protons are presented, but in a rather different 
way. A stereographic projection of crystal directions and planes, with 
(110) at the pole, is shown with the minima indicated by rings. The 
results for a particular value of ¢ all lie on the same circle about the pole. 
The depth of each minimum is indicated very roughly by the radius of its 
ring. Rather similar results have also been obtained with 50 kev Xet ions 
but with rather fewer subsidiary minima. From figs. 4 and 5 it will be seen 
that whenever the beam is incident parallel to low-index directions, or 
planes, a minimum is observed. 

An attractive interpretation is that if an ion’s trajectory 


ree S is channelled, 
the likelihood of that ion being returned to the surface 


by wide angle 
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Electrode current, expressed as a percentage of the maximum, versus angular 
position of target Cu crystal for 50 kev Ne* ions $ — 60? and Imax /7, —0-5. 
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collisions, and so contributing to J, is greatly reduced. Accepting this, 
figs. 4 and 5 show that very favourable channels lie along low-index direc- 
tions such as (1105, (100) and (121). A number of higher index direc- 
tions appear to correspond to subsidiary minima; bearing in mind that 
for these, the relatively small signal/noise ratio renders their position 
uncertain by several degrees. There are some minima which do not 
correspond to low-index directions but occur when ion incidence is 
parallel to low index planes, some typical cases are arrowed in fig.5. These 
suggest that channelling may occur between adjacent planes, as 
indicated by our earlier experiments (Nelson and Thompson 1962). This 
explanation does not preclude the possibility that having entered the erystal 
inthis way the trajectory wanders into a directional channel enclosed by the 
planes. 

The stereograms demonstrate how low-index directions tend to lie in 
low-index planes. If one takes a particular plane and considers channel- 
ling in directions lying in that plane, with progressively higher indices, 
the lateral restraint in the plane must become weaker as the directional 
indices increase. For practical purposes it may be advantageous to think 
of planar channels with preferred directional channels superimposed in the 
lower index directions. 

When one compares the results for differentions itappears thatthe minima 
are sharpest for protons, with a half-width on the principal minima of 
+4°. This is much greater than could arise simply from the angular 
divergence of the beam. For 50kev Ne* ions this rises to +7°, and for 
50kev Xet it becomes +11°. No effect of proton energy on the width 
could be observed in the range of these experiments: 25 to 27kev. This 
is not the case for heavy ions where the minima become sharper and deeper 
at high energy. A few more subsidiary minima appear with protons than 
heavy ions which may mean that fewer channels are available to heavy 
ions or that resolution is better with protons. In view of the large angular 
width of the minima observed with heavy ions the latter alternative seems 
likely. 

Further consideration of these observations will be postponed until the 
end of the next section, after the channelling mechanism has been dealt 
with more closely. 


$3. A Discussion or CHANNELLING MECHANISM 
Kinchin and Pease (1955) define an energy Le for ions moving through a 
solid above which energy is lost predominantly in ion-electron collisions. 
Some values of Le are given in the following table. These are calculated 


from Kinchin and Pease’s approximate expression and are intended only 
to show orders of magnitude. 


The energy limit Le in gold 
Ion H+ Het Net A* Xet 
Le, kev 0:8 3:2 16 32 100 
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For protons in Au, Le is at its lowest value of the order 10%ev, and at 
70kev we are clearly in the region where electronic losses are dominant. 
Consider the possibility of channelling arising from momentum. transfer, 
transverse to the trajectory, to the electrons. If dE/dx is the energy 
loss per unit distance travelled, along Oz, when the ion energy is Zi, 
then the momentum transfer to electrons of mass m in a distance 
Aa is [2m (AE, /dx)Av}?. The maximum conceivable deflection Ag that 
could occur in the distance Av would be given by ; 

a_ mAx dE, 

noon az 
where JM is the mass of the ion. For protons of 70 kev, dE, |dw~ 10ey A+, 
and in a distance Av = 10 å the maximum conceivable deflection would be 
~10-8radians. Even this upper limit would be insufficient to cause 
channelling and the situation becomes less favourable with heavier ions. 
Tho failure of this mechanism arises because the low mass of the electrons 
makes the momentum transfer relatively small, in spite of the large energy 
loss to them. 

Next, consider the deflections of the ion trajectory by glancing collisions 
with stationary atoms. The potential energy of repulsion between ion and 
atom is generally taken as the sum of two terms. The first of these, which 
dominates in close approach, is the electrostatic interaction between 
nuclear charges + Z,¢, and + Ze, screened by their surrounding electron 
clouds. Bohr (1948) suggested the following expression: 


U(r) =Z,2,< exp (—1/a)/r 
with : (1) 
aa (Z9 hy, AA 


do being the Bohr radius: 0-53 x 10-8cm. The second term is due to the 
overlap of closed electron shells and is often taken in the form : A exp (— rp) 

suggested by Born and Mayer (1932). For Z, and Z, > 20, the e. t : l 
dominates in close approach, but the second term i eia for EG. 
For protons the second term is non-existent and for Herit is insi ifics n 
Hence it is only for heavy ions that it need be introduced asin us loul: - 
tions of Robinson et al. (1962, private communication) and inm er 
Leibfried (1962, private communication). Here we shall r a ne 
calculation to light ions using eqn. (1) as the total o ERR i 

In a glancing collision with impact parame 

perpendicular to the trajectory On is SEE pe ie ign wea 


(e.g. Brinkman 1954): 
p= | (| dua D 
YT oc dr rw 


v being the ion's velocity. 
With eqn. (1) this becomes: 
p 9Z|Z,€b [1-4 (B? X?)? 


Epa P(X) Max, — 


qua 0 


Ir | Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
Penetration of Ions Through Open Channels in a Crystal Lattice 1685 


with B=b/a and X=a/a. The integral, which will be referred to as y(b/a), 
can be reduced to modified Hankel functions or it may be computed 
numerically. A table of values is given in the Appendix. 

Referring now to fig. 6, consider the channel along the direction (Akl), 
axis Ox, with periodic length D^, The distance of the N atoms in the 
interval D^F from Oz areb,...b,...b,. In order to simplify the calculation 
initially we shall take (hkl) with even symmetry of rotation and consider 


motion in the plane Ozy, neglecting the influence of atoms not in this plane. 


Fig. 6 


— 


hkt 


Channelling along an <hkl> direction; the dotted line shows the trajectory, 
b, is the distance of the rth atom from Oz, D'*' is the periodic length 
along <hkl>. 


In general the ion will not travel exactly along Oz, let y and % be the dis- 
placement and angular deviation from Oz respectively. Each atom passed 
by contributes a change in y: 

(Ay), ES PJ[M qo, 
where P, is given by (2) with b= (b, — y). 
In the time interval At — D^[v, corresponding to motion through Daki 


the total Ay is the summation over N deviations like (AJ), and Nij[ At = ij 
is given by: 


oe 222e? ` b,—y b,—y ) 
i pale cts ar] 


1 
Now for small angles: 


Y= Yr, 
P.M. 
5v 
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an jedes 
since v, is approximately constant. Hence 
5 2Z7,2,8 X.(b—y |b,—y 
Mj -aze y pev [6] --nm xxn) | 


where F(y) is an effective restoring force on the ion when displaced by y. 


Note that this is independent of Æ. 


Fig. 7 
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ff 
"n 
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The effective transverse potential for 4 
protons trave 
rd ling down a <110> channel 


E The situation may be expressed in terms of 
which the ion moves, defined as: 


ee J. FY way 
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V(y) has been calculated for protons in gold travelling along a (110) 
channel with Oy across the narrowest direction which is also a (110). The 
value of b, is 1-4 å and the results are plotted in fig. 7. The effective poten- 
tial is negligibly small until y 2 0-5 À when a very rapid increase occurs. 
If expression (5) is used to calculate y, as a function of V, for various 
energies H,, the curves in fig. 8 are obtained. It will be observed that the 
curves for widely different energies are rather close together and that 
amplitudes y, are not strongly dependent on the starting angle yọ. This 
implies that our effective potential is behaving somewhat like a square well 
and the ion will follow a zig-zag trajectory. The time taken for one 
oscillation is approximately 4y;[gv,, hence the wavelength of the trajectory 


18: 
Ade er tex cu ce) 
Fig. 8 
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The amplitude of oscillation y for trajectories crossing the axis at angle yy. 
Protons in gold. 


The relation between y, and V, shown in fig. 8 shows that À decreases with 
increasing yy, as one might expect for a square well. In view of this 
similarity to a square well the distance of closest approach to the channel 
wall, rg, will be approximately constant for any trajectory in the range 
10 to 100kev. From fig. 8 one may deduce a value for r} of about 0-7 À. 
The condition for a channel to operate will be that b,>rọ. The value of 
b, for (100) channels is 1-44 and these should therefore be favourable. 
The two-dimensional channels between {111} and {100} planes have typical 
values of b, 1-15 å and 1-04 respectively. Both should therefore operate 
satisfactorily with the {111} slightly better than the (100). It is clear that 


5U2 
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the higher index channels have smaller values of b,, which explains the 
observation that their minima are less pronounced. 

For a channelled trajectory the chance of a close encounter is greatly 
reduced and the energy lost in atomic collisions is less than for a trajectory 
passing through the crystal in a random direction. With Æ >Le one is 
therefore well justified in neglecting losses in atomic collision for channelled 
trajectories. 

The calculation of energy losses to electrons is well known (see for instance 
Bethe and Ashkin 1953) and consists of finding the energy transferred in 
da to electrons lying between b and b + db using the impulse approximation 
with a simple Coulomb potential. If» is the density of electrons then the 
number of electrons in the element of volume is n27b db da, and one therefore 
finds dB dx oc n inthe finalresult. To obtain this, one integrates the element 
of energy loss from b = 0 to by, where b, is the impact parameter at which one 
just transfers the mean effective ionization energy J. Collisions with 

b >b, are assumed not to result in energy loss. bois found from the impulse 
approximation, and 
by =Z tM mE. 


Vi alues of I have been compiled from experimental range-energy data 
(Bethe and Ashkin 1953) and for Au, J~10%ev. Hence for protons with 
E47 105 ev, bo=0:25å. In calculating the length of an ion's trajectory 
oe requires the local electron density within a radius b, of the trajectory. 
for a random trajectory one takes the average density ny but for a channel- 
led trajectory a lower value n^" will be appropriate, since channels are 
regions of low electron density. The length of a channelled traject j 
be greater than that of a random traj " ry i e ee 
peo i jectory in at least the ratio m[m^t. 
A fur ther effect will also operate to enhance the penetration of chan lled 
trajectories. Suppose one had two trajectories of the same le uu x 
channelled into a straight line, and the other random with some zi s 
collisions in it. The channelled trajectory would clearly ha e 
chance of penetrating a foil; with channels perpendicular E A 
would the random trajectory. t 
The reflection experiments were carried i r 
accepts the interpretation given in § 2.2, the de xb n T uno ae 
is consistent with channel widths of about 14. The fact th, isn ORT 
width of the proton minima is not affected by changes in d. dead 
idea of a square well for protons with r, independent of Æ MEE IER 
hand, the decrease in width of the heavy ion minima with pi e Mother 
square well is not a good approximation for heavy ions E ipe 
It is interesting to compare our predictions for light tom traj : ; 
those made for Cu atoms in Cu at 10kev by o ende s 
private communication) and Lehmann and Leibfried (1902, "us 
munication). They found that the effective potential V( mule Pm 
of the channel was mainly due to the Born-Mayer uH F xe ate 
Their function V(y) behaved approximately like y? and Re ee rie). 
Sverse 


surface, than 
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motion was therefore harmonic. Hence the trajectory was sinusoidal, 
Yo proportional to yy and A proportional to Z,'?, in marked contrast to 
fig. 8 and the results above. Because the energy of the Cu atom was below 
Le the energy loss is mainly due to collisions with atoms in the channel 
walls. Theeffect of thermal vibration was to increase this loss considerably. 
Such a strong effect is not expected for the light ions because energy loss 
is mainly to electrons and even if b, were to fluctuate by 20%, as it might 
near the melting point, one would still have 5,» ry. The energy of the 
heavy ions in our reflection experiments was greater than that of the Cu 
atoms. One might expect departures from the sinusoidal trajectories 
but not a square well situation. Since Æ; >Le in most cases, the energy 
loss would be mainly to electrons, but in closely spaced channels such as the 
{100} the loss in atomic collisions might be significant. 
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APPENDIX 
Tur INTEGRAL y(b[a) 


bja y(b/a) bja y(b/a) 
1-0 6-0191 x 10-1 10-6 9-3634 x 10-7 
13 3-6200 x 10-1 10-8 7-4494 x 10-7 
14 2.2917 x 10-1 11-0 5-9299 x 10-7 
1-6 1-5040 x 10-2 11-2 4-7227 x 1077 
1:8 1:0146 x 10-1 11-4 3-7632 x 10-7 
2.0 6-9938 x 10-2 11-6 3-0001 x 10-7 
2.2 4-9046 x 10-? 11-8 2.3928 x 10-7 
2-4 3-4886 x 10-2 12-0 1-9093 x 10-7 
2-6 2-5109 x 10-2 12-2 1:5242 x 10-7 
2-8 1:8255 x 10-2 12-4 1.2172 x 1077 
30 1-3385 x 10-? 12-6 9:7251 x 10-8 
3:2 9-8884 x 10-3 19-8 7:7729 x 10-8 
34. 7:3526 x 10-3 13-0 6-2149 x 10-8 
3:6 5:5001 x 10-3 13-2 4-9710 x 10-8 
3-8 4-1341 x 10-3 13-4 3-9775 x 10-8 
4-0 3-1215 x 10-3 13-6 3-1837 x 10-8 
43 2-3666 x 10-3 13-8 2-5492 x 10-5 
4-4 1-7882 x 10-3 14-0 2-0418 x 10-8 
4-6 1-3668 x 10-3 14-2 1:6359 x 10-8 
48 1-0478 x 10-3 14-4 1:3111 x 10-8 
5:0 8:0552 x 10-4 14-6 1-0511 x 10-8 
5:2 6-2080 x 10-1 14-8 8:4289 x 10-? 
54. 4-7955 x 10-4 15-0 6-7612 x 10-9 
5-6 3-7122 x 10-4 15-2 5-4250 x 10-? 
58 2-8793 x 10-4 154 4-3541 x 10-9 
6:0 2-2374 x 10-4 15-6 3:4954 x 10-9 
6:2 177416 x 10-1 15:8 2-8068 x 10-9 
6-4 1:3578 x 10-4 16-0 9.9 -9 
2-2545 x 10 
6-6 1-0601 x 10-4 16-2 :8119»« 10-9 
: 1:8112 x 10 
6:8 8:2893 x 10-5 16-4 1:4555 x 10-9 
7-0 6:4901 x 10-5 16-6 1-1699 x 10-2 
Ps c Te x 10 
eZ 5:0878 x 10-5 16:8 9-4051 = 
Ü E x 10-10 
1-4 3-9932 x 10-5 17-0 7:5628 x 10-10 
7-6 3-1377 x 10-5 17-2 082 = 
1 Bol m 2 6:0828 x 10-10 
7:8 2-4681 x 10-5 17-4 
p ee 4-8934 x 10-10 
80 1-9434 x 10-5 17-6 i 
8-2 1:5317 x 10-5 SEES MD 
: 3 is 17-8 3:1687 x 10-10 
84 1:2084 x 10-5 18-0 
8-6 9-5412 x 10-6 Benne x E 
s DR e 18:2 2-0535 x 10-10 
8-8 1:5400 x 10-8 18:4 
o AS F 1-6536 x 10-10 
9-0 5:9634 x 10-6 18:6 
9:2 4-7201 x 10-6 188 TERG 0 
9-4 3:7388 x 10-6 19.0 see 
; 9. x 8:6433 x 10-11 
9-6 2-9636 x 10-5 19:9 6-9649 A 
9-8 2-3507 x 10-9 19-4 Pee eer 
10-0 1-8658 x 10-5 19-6 mpi 
i one S 9248 x 10-11 
10:2 1:4818 x 10-5 19-8 3-6479 es 
104 11776 x 10-5 20:0 LO 


2:9415 x 10-11 
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ABSTRACT 


The interaction and absorption fragmentation parameters and mean free 
paths of heavy, Z>3, cosmic ray nuclei have been measured in polyethylene 
(CH), and teflon (CF,),. Within the statistical accuracy of these results 
it has been shown that previously deduced values of the fragmentation para- 
moters in the atmosphere wero essentially correct, as were the mean free 
paths. Tentative values have been deduced for the fragmentation para- 
meters in hydrogen and these have been compared with those assumed 
previously. The significance of these results is discussed. 


$1. INTRODUCTION 


Ix recent years experimental techniques have advanced sufficiently to 
permit the determination of the broad features of the charge spectrum of 
the primary cosmic radiation with a fair degree of confidence. There still 
appear to be some uncertainties introduced by the corrections made for 
interactions in overlying matter, but these are appreciably less than they 
were previously. The important question now is how to interpret the 
observed primary spectrum in terms of the charge degradation produced by 
interstellar matter between the earth and the initial region(s) of injection. 
Such an interpretation demands a knowledge of the nuclear interaction. 
parameters specifying the passage of energetic heavy nuclei through a 
medium which is predominantly hydrogen and a model of the mode of 
propagation. It is reasonable to hope that with sufficiently accurate 
values of the abundances and nuclear parameters, it will be possible to 
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eliminate certain of the models currently proposed and thus obtain greater 
insightintothe origin and propagation of the cosmic radiation. The nuclear 
parameters involved are the mean free paths and the fragmentation para- 
meters. 
In prineiple, these parameters could be determined by studying the 
reverse reactions of energetic protons striking target nuclei of different 
charge. Cross sections and hence mean free paths have indeed been 
calculated from machine data taken at energies of ~1Bev. However, 
there are severe, indeed at present insurmountable, experimental difficulties 
against directly determining the fragmentation parameters in this manner 
for any secondary nuclei which, are not radioactive (see Discussion (d)). 
Data of this kind can only be interpreted by making empirical assumptions 
about the isotopic distribution of the fragments, e.g. Badhwar et al. (1962 a). 
Such a procedure is not amenable to rigorous justification. For this 
reason, an attempt has been made to measure experimentally the magni- 
tude of these quantities from a cosmic ray experiment. In this experiment 
energetic cosmic ray nuclei have been allowed to pass through sheets of 
polyethylene (CH,), and teflon (CF,), and the products of the nuclear 
interactions examined with nuclear emulsions. It has been assumed that 
the interactions in teflon resemble both those that would be observed in the 
atmosphere and in pure carbon. Differences between the interactions 
observed in polyethylene and in teflon have been taken as an indication of 
the effects produced in hydrogen. Because of the subtraction procedure 
involved, these values are necessarily of limited statistical significance. 


$2. STACK AND EXPOSURE DETAILS 
A stack of 154 Ilford G5 emulsions, each measuring 30 cm x 20 em x 600 
was interleaved with sheets of polyethylene, mean thickness 530 + 11 Hu aa 
teflon, mean thickness 495+ 7. The proportion of polyethylene to teflon 
sheets was two to one, with a teflon sheet after every third emulsion 
This stack was mounted on six steel rods passing through holes stam: ned 
in the emulsion and plastic sheets and clamped Dae steel end M 
so that any relative movement during the exposure was ENT ME 
The stack was exposed with the long edge horizontal and ti 5 t 
vertical on a balloon launched from Nacogdoches, Texas, on 12 J al io 
This balloon reached an altitude corresponding toa residual ee 


about 5 g/cm? and remained there for nea 
rly 11 hours befor i 
: à er 
stack over Lovington, New Mexico. ete 


The development of these emulsions was, 
cessful, the processed emulsions having a low mini i ; 
about eight grains per 1004. This E aa us x 
plate to plate and with depth within individual plates. In addition, 
severe distortions were produced near the glass interfaces where + xis 
showed considerable ‘chopping’. These factors have appreciabl. ee 
the analysis of the data and limited the statistical significance of the i n 


unfortunately, not too suc- 
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since they have made charge identification a far more serious problem than 
had been anticipated. 

After development, the stack was divided in two. One half was kept 
at Washington University, W, the other sent to Bristol University, B. 
Because the methods of charge identification adopted by the two groups 
were different, the results obtained by each are considered separately. 


$3. DETECTION or PARTICLES 

In each case, the emulsions were scanned along a line 5mm (B) or 
lem (W) below the top edge for tracks with any zenith angle, a projected 
range greater than 2mm, and a grain density >70 grains/100 u (W), or 
> 90 grains/100 u (B). No attempt was made to detect all the L nuclei, 
3<Z<5, but both the lower grain density limits should ensure that all 
M nuclei, 6<Z<9, and H nuclei, Z > 10, have a high detection efficiency. 

Each track identified as being produced by a nucleus with Z>3 was 
traced through the stack until it either interacted or left. This tracing 
was performed by the scanners who recorded the positions of all interactions 
occurring in the emulsions and those obvious interactions produced in the 
plastic. Every so-called interaction in the plastic was re-examined by one 
of us. Every track was examined at each end of its ‘non-interacting’ 
length by measuring the ionization to detect unobserved changes in 
charge due to missed interactions. 


$4. CHARGE DETERMINATION 


As a result of the relatively high geomagnetic threshold, 4-5 Bv, over 
Texas and the small amount of residual matter above the balloon during 
the exposure, the vast majority of the particles examined were relativistic 
and a measurement of the ionization was sufficient to determine the charge. 


4.1. Washington University 

This group used the total number of gaps per unit length as the measure- 
ment of ionization. Because of the fluctuations in the development from 
plate to plate, i6 was not possible to resolve individual charges uniquely, 
but it was felt that the gap measurements were sufficient to separate the 
particles into the conventional charge groups. 

(a) Plate normalization. Gap counts were made in each emulsion sheet 
on about a dozen tracks which passed through the entire stack and through 
different regions of the emulsion sheets. (These tracks were selected 
irrespective of the charge of the particles producing them.) About 300 
gaps were counted near the middle of each track in each emulsion. Every 
effort was made to include the tracks of particles which interacted with a 
small loss of charge while passing through the stack. These counts were 
normalized to those obtained in one particular emulsion. It was found 
that the normalization factor for each emulsion sheet was independent 
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of the charge of the particle and that the spread in the values in each ae 
was well within the other statistical uncertainties. Consequently, a E g 
normalizing factor was used for each emulsion. A plot of these together 
with an indication of the statistical uncertainties is given in fig. 1. r 
(b) Gap density measurements. Gap counts were made on pa 
in two successive emulsions after the plate in which it was found, since i 
appeared that reliable counts could only be made more than 1 cm 2 
edges of the emulsions. The gap density was determined by ues > à 
least 300 gaps in each emulsion. Further counts were made in the wo 
emulsions before the interaction or exit of the track. A mean gap density 
was then determined from these four normalized values. However, if the 
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1 as determined by gap 
is shown just for one point. 


mean gap density near the exit or interaction point was reduced by more 
than 10% from that near the scan line, counts were made in more plates to 
locate the apparent missed interaction. It is considered that by this 
procedure all the interactions of M or H nuclei which involved a AZ>1 or 
2 respectively were detected. e 

If the interactions produced secondary particles such as o, 
heavier nuclei, gap counts were made on these partieles in 
plates after the interaction to determine the charge group t 
belong. When a track disappeared between two emul 
attempts were made to detect any secondary particles e 
the interaction in the forward direction. 


-partieles or 
at least two 
o which they 
sions, several 
merging from 
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The gap density distribution obtained from about 660 tracks is shown 
in fig. 2. These tracks include those of all the primary and secondary 
particles which interacted and some of those that left the stack. 


NUMBER OF EVENTS 


80 70 60 50 40 30 20 10 (0) 
NUMBER OF GAPS / 100 u 


The gap density distribution determined by Washington University. 


(c) Charge assignment. A number of interactions were observed in the 
emulsions which indicated the charge of the producing nucleus. In general, 
because of the low minimum grain density and the consequent possibility 
of not observing all the particles associated with an interaction, these 
charge estimates were only lower limits. However, examination of a 
number of such events, together with a knowledge of the gap density of 
lithium nuclei derived from that determined for «-particles, permitted 
an unambiguous assignment of a charge scale. The particles were divided 
in terms of the gap density per 100 u, Ng, as follows: 

L group tracks with N g> 66-0 
M or L group tracks with 64-0 < Ng < 66-0 
M group tracks with 45-0 < Ng « 64-0 
H or M group tracks with 40-0 < N g < 45-0 
H group tracks with N g< 40-0. 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
1696 M. W. Friedlander et al. on 


An examination of the fragmentation parameters showed that they mere 
essentially unaffected by those tracks which were not assigned to a pa ar 
charge group and so the separation between the M and L groups was taken 
at N&— 65:0 and that between the M and H groups at Ng= 42:5. 

The Washington University group measured 225 interactions 1 emul- 
sion together with a number of additional interactions which were not 
systematically recorded, 206 in polyethylene, and 132 in teflon. 


4.2. Bristol University 
The ionization of each particle was measured by counting the number of 
8-rays with three or more grains in about 2mm of track length or deter- 
mining the distance in which between 100 and 200 8-rays occurred. The 
method used depended on the ionization—the former for the lightest tracks 
and the latter for the heaviest. These measurements were made on a given 
track in the plate in which it was originally found and/or the one following, 
before and after any interaction detected by tho scanners, and before the 
particle left the stack. No measurements were made nearer than 1 cm to 
cither the side or bottom edges of the emulsions or to any of the clamping 
holes as there was an obvious reduction in the level of development in 
those regions. Measurements of the blob densities of relativistic o-particles 
suggested that the top edge of the emulsions did not suffer from this defect. 
Ifthe 9-ray count at each end of a particular track differed by more than 
two standard deviations, 2c, an undetected interaction was suspected. 
Tracks were refollowed and additional counts were made in an attempt to 
find two adjacent plates where the ô-ray count differed by more than 2c. 
Such a difference was taken as evidence of a missed interaction provided 
the additional counts were consistent with this interpretation. 
interactions arising from plates having abnormally high or 
were avoided by comparing the counts in these plates wit 
where there was known to be no change in charge. As far as possible, the 
counts were made over the same region of depths in the emulsion to avoid 
the effects of any depth gradient. When all the counts were plotted as a 
pee Mc shown in fig. 3 was obtained. The sizes of the 
peaks in this histogram are no i 'elati : . 

A since iene are at pens p e dmt 
No definite attempt was made to kee th z Mun PU uw S 
D i p the counting convention rigidly 
stable during the six-month period over which these counts were made. 
As a result later measurements showed that variations of the order 
standard deviation had occurred during this period. 
with the statistical error due to the finite number of ô-rays counted Gym creen 
track, can account for the smoothing of the charge peaks, Counts on the 

tracks of particles which made 0+ 3x and 1+3a stars in the emulsion wer 
used to give the position of the carbon peak. As one could not easily p 
minimum tracks, it is possible that individual fast protons coming from 


cks only gave a 


Spurious 
low development 
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This fact, together 
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lower limit to the charge of the primary. The position of the lithium peak 
was deduced from measurements of the ô-ray density on tracks whose grain 
density, when compared with the grain density of «-particle tracks, indicated 
that they were due to nuclei of Z — 3. The observed peaks in the spectrum 
are consistent with charge assignment on the basis of the following formula : 
22—13-0(N,, — 0-3), 

where N, is the number of 8-rays per 100 LM. It was not expected that 
accurate charge assignment could be obtained for Z > 10 or 11 from the -r&y 
measurements, but it was possible to detect interactions in plastic for the 
H nuclei in which the fractional change in charge, AZ/Z=1/6 when no 
associated -particles were produced. As a result of this charge assignment, 
the division between L and M nuclei was taken at N,=2-6/100 and that 
between M and H nuclei at N,— 7-0/100 p. 


Fig. 3 
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The 8-ray density distribution determined by Bristol University. Also shown 
is the charge assignment. 


Because of the importance of determining the separation between L 
and M nuclei, and since no definite attempt was made to keep the counting 
convention rigidly stable, it was decided to check the charge assignment 
of tracks having N, between 2-0 and 3:5 8 -rays/100 u. Half of the original 
measurements had been made in 20 plates of the stack and so those plates 
were normalized accurately and the tracks in them used as a means 
of checking the charge assignment. From measurements of the blob 
density of a-particles it was found that there was essentially no depth 
gradient between the fractional depths of 0-4 and 0-9 in the emulsions 
(the plateauregion). Atleast 200 9-raysin the plateau region were counted 
in each plate on several tracks of particles which went through at least 
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eight of the 20 plates to be normalized. Normalization coefficients were 
thus obtained with an accuracy of ~3%. All tracks having N, between 
2-0 and 3:5 were recounted in at least two of the normalized plates, the 
measurements being made only in the plateau region. A careful check was 
maintained to see that the counting convention did not alter while these 
measurements were made. The mean normalized ô-ray density for the 


Fig. 4 
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The re-determined 8-ray density distributi ; igi 3 

y M E. tracks originally assigned 
tracks was plotted as a histogram (fig. 4), and a good separation (~ 4c) 
between the boron and carbon peaks was obtained. (Charge indica- 
ting interactions implied that the carbon peak should be centred on 
4-0 5-rays/100 u.) These counts were higher, on. the &verage, than th: 
original set because of a slight alteration in the counting Gonrenti i 
between the times when the two sets of measurements were made. It ui 
possible to keep the second convention stable to within 1 or 29; Ws 
charge assignment from the histogram in fig. 4 was compared with th i 
from fig. 3; the previous assignment was found to have been correct i 
86% of the cases. Thus, by taking the new charge assignment for MK is 
found in the normalized 20 plates to be accurate and accepting the old i : 
the rest of the stack, it was estimated that the overall charge assi Z 
between B and C was 93% correct. eaout 
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Particles which have the shortest length per plate are most likely to have 
the highest error in charge assignment. Omitting those particles with 
lengths less than 3mm, however, made no observable difference in the 
calculated fragmentation parameters in emulsion and so these tracks were 
used in the analysis of the interactions in plastic. Tracks longer than 1 cm. 
were omitted because of the difficulty involved in following such long 
tracks reliably. 

For an interaction involving the loss of one or two charge units to have 
been detected, the 8-ray count made at each end of the track should have 
differed by more than two standard deviations. Thus, there is a purely 
statistical probability that some of these interactions will have been missed. 
This loss could become important in the determination of the true number 
of M-L interactions as it is in these that small charge changes occurred ; 
it is therefore necessary to estimate the magnitude of the effect. 

It can be seen from fig. 3 that the resolution of counts into distinct 
peaks is not good. The B, C and N peaks are approximately 24 o apart, 
where c is the standard deviation on one $-ray count. If the distribution 
of counts about the mean is assumed to be Gaussian for the track of a 
particular nucleus, it can be shown that 37% of the interactions involving 
the loss of one unit of charge and 8% of the interactions involving the loss 
of two units will have been missed. Of the M—L interactions detected in 
both polyethylene and teflon 42% are of this type, i.e. C to B, C to Be and 
N to B, and, to a sufficient approximation, the number in each mode are 
equal. It follows, therefore, that 8% of the M-L interactions will have 
been missed. The probability that spurious interactions will have been 
included by this method of detection is negligible since, if the presence of an 
interaction was suspected, further ó-ray counts were made on the track. 
It is not possible to reliably estimate the number of interactions of the 
type i—14 which had been missed, but it will in any case be small as the 
modes of interaction which were not detected are only a small fraction of 
the total number of modes possible. 

Since the threshold energy of Texas is ~ 1:5 Bev/nucleon for multiply- 
charged particles, it is possible that a particle could have suffered an inter- 
action in plastic involving only a small loss of charge and then have lost 
sufficient energy by the time it left the stack for the 5-ray count in the final 
plate to be the same as that in the first. This mode of interaction is not 
very probable and is only possible for nuclei with charges >20. It was 
therefore decided to ignore this effect. 

This group (Bristol University) found 311 interactions in emulsion, 
118 in polyethylene and 68 in teflon. 


$5. RESULTS 


5.1. Fragmentation Parameters 
The fragmentation parameters, P 


ip found by each group, and the m. 
are shown in table 1 (a), (b [ m T 


) and (c) for emulsion, teflon and polyethylene 
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respectively. The emulsion values are compared with the best values 
available from previous experiments, Waddington (1960), while the teflon 
values are compared with those found from emulsion interactions with 
Nn<7, Waddington (1960) and with the weighted means of the values in 
carbon observed by Badhwar et al. (19626), Hirashima (1959), and Brisbout 
et al. (1960). Examination of the present data shows the only serious 
discrepancies are that in the plastic; (1) the Bristol group seem to get 
consistently higher P; values than did St. Louis, whereas (2) the St. Louis 
group get higher P, values. This first effect probably depends on the. 
minimum change in charge that was detected by each group, while the 
second suggests a failure to detect «-particles reappearing in the emulsions. 

Out of the remaining 15 pairs of P, values obtained in this experiment 
which can be compared between the two groups, six in plastic and nine in 
emulsion, only one pair, the Pyr, values in emulsion, differ by more than 
two standard deviations. Furthermore, out of the nine emulsion Pg 
values only one, that of P gy differs by more than two standard deviations 
from the value published previously, Waddington (1960). It appears, 
therefore, that these data are both self-consistent and in accord with 
earlier work. 


5.2. Interaction Mean Free Paths 


The interaction mean free paths, A; were measured in emulsion, polyethy- 
lens and teflon for each charge group. The results are shown in table 2. 
These are compared with the values calculated from the Bradt and Peters 
(1950) overlap model which is frequently used for this purpose, but with the 


Table 2 


Interaction mean free paths 


Emulsion Polyethylene Teflon 
(g/cm?) ^ Cale. (g/em2) ^ Cale. (g/cm?) ^ Cale. 


W 43:8: 8.1 13:6 - 3:8 15-1442 
H B 39214 2 37-5 13-5+2°5 11-6 28-5+7-1 208 
Mean 40-0 + 3-7 19:5 + 2:2 18:6 + 3-6 
(Wad. 43-5 + 3:5) 
W 51-3 7-3 20:9 + 4-4 20:6 x 4-2 
M B 55:6+46 50:9 15:312-0 18-1 270-44 29-2 
Mean 56-1 3-9 16:4 t 1-8 23-6 + 3-0 
(Wad. 51-1 + 2:4) 
W 73-8 + 17-9 29-8 + 12-2 38:4 x 17-3 
L B 66-8+8-1 58 18-7+3-6 21-4 44-0+12-2 34-0 
Mean 67-8 47-4 19-6 + 3-4 42-1 + 10:0 
(Wad. 54-3 + 3-6) 
Assumes Pem — 3:84. g/em? Pou, — 0-905 g/em? Por, — 2:21 g/em? 
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hydrogen cross sections taken from the experimental machine data of 
Chen et al. (1955). 

Due to the presumed missing of interactions with small changes of charge, 
these experimental values should be upper limits to the true values. 


5.3. Absorption Parameters 


In this experiment there must inevitably be a loss of interactions where 
the change in charge is small. While this will result in only a small uncer- 
tainty in the calculated values of the P;; parameters, tending to make them 
too large, it may be serious for P; values, making them too small. Similarly, 
the observed mean free paths will not represent true interaction values. 
For this reason, it has been felt to be more realistic to calculate wherever 
possible the absorption fragmentation parameters, P;* and absorption 
mean free paths A; It may be noted that from the data of any one 
experiment P,* = P;,/(1—P,) and A;=A,/(1—P,), where the P; values are 


Table 3. Absorption fragmentation parameters 


Emulsion 
M L A 
H nuclei (117) 0-16+0-04 (19) 0-28+0-05 (33) 
cf. Wad. 0-31 + 0-04 0-21 + 0-04. 
M nuclei — (265) 0-18+0-03 (48 
cf. Wad. 0740.02 — 
Polyethylene 
H nuclei (51) 0-22 + 0-07 i : 
M nuclei (172) SEU odo = Rae es 
Teflon 
(51) 0:31 +0-08 i 
H nuclei : Carbon 0-41 10:07 46) Qe : ae (18) 
Nay 0:48 + 0:06 0-20 + 0-04 
(94) ; 
M nuelei : carbon Rae 5 See (20) 
Ny <7 0-25 + 0.03 


T The results quoted for the St. Louis grou ; 
since this group did not record (in a e a a uetico] weight 
ment) the presence of particles known not to interact. Dr pug tout; the experi- 
analysed this portion of the data by using a maximum RE very kindly 
The mean free paths obtained in this manner were COnSi anood method. 
obtained directly, but had such large errors associated Stee ent with those 
decided not to include this data. hem that it was 
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those determined in that particular experiment; also that P,;* =number 
of j-type fragments divided by the number of interactions which do not 
have an outgoing i-type fragment, while A;— the total path length observed 
also divided by this number of interactions. As a consequence P,;* and 
A; are independent of the number of interactions where the outgoing frag- 
ment is also of the i-type and thus nearly independent of interactions where 
the change in charge is small, being only affected by such interactions which 
transfer a particle from one charge group to another. 

This calculation of the P;* values assumed that no j-type fragments 
are produced in an interaction which also produces an i-type fragment. 
This is generally true for Z>3 nuclei, but not for «-particles, so the P;,* 
values will be overestimated by this calculation, and consequently are not 
given. 


Table 4 
Absorption mean free paths 
"Emulsion (g/cm?) Polyethylene (g/cm?) Teflon (g/cm?) 

H 51-247 21-4 4-1 20-8 x 4-0 

(Wad. 55-8 + 4-5) 
M 60-4 + 4-2 17-9 * 2-0 27-1+3-4 

(Wad. 57-5 + 2-7) 
L AD 23:6 E 4-1 51-0 € 12-0 

ti 


The experimental P;;* and A; values are shown in tables 3 and 4. The 
emulsion P;;* and A; values are compared with those observed previously, 
Waddington (1960), while the P;* values in teflon are compared with those 
deduced for air from emulsion, Waddington (1960), and those observed in 
carbon. 


5.4. Fragmentation Parameters in Hydrogen 


The fragmentation parameters in hydrogen can be derived from the 
fragmentation parameters observed in hydro-carbon (polyethylene) and 
in carbon-like media (carbon or teflon). 

Let no orn (CHo) be the number of carbon or hydrogen nuclei per cubic 
centimetre in the polyethylene. Consider a sheet of polyethylene of thick- 
ness dz; then, if a parallel beam of J; particles is incident normally on this 
sheet, the number of j-type nuclei that results from the interactions of the 
i-type nuclei is: 

N; = Ni[nc(CH3)o(C)]P;;(C) da + Nj[ny(CH,)o,(H) |P;,(A) dz 
= Nilnc(CH2)o(C) + 3 (CH5)o(H)]P; (CH,) dz, 
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where o; (C or H) are the interaction cross sections of i-type nuclei in carbon 
or hydrogen. 


Then, as ng (CH) 2 2nc (CH,) and P; (C) =P; (CF3): 


1 1 4 c;(C) J Y o,(C) l j 
P,(H) = P,(CH;) E T J - PE) 3e (1) | 

H rn . A e 

Thus, if o (C) and o,(H) are known, P;;(H) can be determined. The inelastic B 

eross sections of protons on various media have been determined by Chen Mi 


et al. (1955) and Shapiro et al. (1954). Rajopadhye and Waddington (1958) 
have used this data to construct a smooth curve between o and A’, From 
this curve, and assuming the mean atomic weights A, are 30-5, 14-0 and 9-9 
for H, M and L nuclei respectively, Waddington (1962), c, (H), ex; (FD, 
o(H) and c,(H) were taken as 0-42, 0-23, 0-19 and 0-10 barns respectively. 
For the values of o,(C) the results calculated from the overlap model of 
Bradt and Peters (1950) have been taken. These values are that o,(C), 


&x(C), e; (C) and o,(C) equal 1-18, 0-82, 0-70 and 0-46 barns respectively. 


Table 5. Interaction fragmentation parameters in hydrogen, P;,(H) 


H M L a 
H Experiment >0:41 +0:15| — 0-02 + 0-13! 0:504 0-18 1-49 + 0-52T 
Theory 0:39 0-28 0-28 z 
Corrected 0:39 0-26 0-23 
Aizu et al. 0-50 0-30 0-15 
M Experiment 20-044 0-074] 0-4140-12 | 0-854 0-307 
Theory —— 0:25 0-48 =; 
Corrected. 0-32 0-48 
Aizu et al. 0-15 0-40 
L Experiment 
—— —— >0-2140-17] 1-48+0-48+ 


Theoretical assumes 3 Al and 1 Fe eus i i 
PEE Dees nucleus in H nuclei, Badhwar et al - (1962 a). 


f —0:05 + 0:22 (B); 0-06 +0-06 (W). 


The values of P;(H) calculated fr ^ i 

making this We. the e EN ; m m D um 

underlined in table 1 (c), while the values aft P, (CF ) Erano shown 

ps of those found in this experiment ise os 

carbon. ‘These are shown in table 7. ; : : 

are compared in table 5 with those dedi le 

from the Rudstam (1955) empirical mass spallati 

and after correction for radio-isotope decay, and with those estimated D 
y 


Aizu el al. (1960). It can be seen that while the P(A) values are j 
e in 


reasonable agreement, there does appear to be a di 
: a diser 7 P.. (H 
values. B uo i (H) 
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The absorption values, P;;*(H.), should, in principle, be calculated directly 
from the observed P; *(CF, ) and .P;*(CH,) values since these will not be 
subject to the errors ‘that must be present in the interaction values. In 
practice it is not reasonable to use data of the limited statistical weight 
available from this experiment, but it appears worth while to outline the 
procedure of the calculation for the time when improved data are available. 
To make this calculation demands a knowledge of the absorption cross 
sections $, which have not been determined experimentally. 

These can be calculated from the observed values of A,(CH, and CF.) 
by using the Bradt and Peters values for o,(C and F). 

Firstly, to find $C): 

X0- 2) siet 
4 (C) e(CF;) 
where o,(CF,) is defined by the relation o;(CF,) = A/A;N, with A the mean 
mass number of the target, 16-67 for CF,, Ny is Avogadro’s number and A; 
is measured in g/em?. 
Then, since it is assumed that P,,(C)~P,(CF.): 


Wc c;(€) 1 9 
X0) ep AOR, = A 
where >;(CF,) can be calculated from the experimentally measured values 
of A((CF,). 

Secondly, to find Y,(H) 


non, 2i(CHo) = no X(C) + ng *(H) 
>i(H) = 1/2(3 2 (CH3) — XC), wr cese) 


where Y(CH,) can be calculated from the experimentally measured values 
of A,(CH,). 
Then the absorption fragmentation parameters, P;;*(H) are given by: 


fae m C 
PD =P COH A +1] - nec EXE. (4) 
Unfortunately, however, eqn. (3) involves a subtraction of two nearly 
equal quantities with the result that, in this experiment, the calculated 
values of *(H) have essentially no statistical significance. For this 


so 


Table 6. Absorption fragmentation parameters. Hydrogen 


M L 
H nuclei — 0-03 + 0:22 0-85 + 0-44 
M. nuelei 0:42 - 0-14 
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reason the P,;*(H) values have been calculated from the interaction values 
given in table 5 and are shown in table 6. Because of the probable under- 
estimates of the P, values, these values are presumably lower estimates 


of the true values. 


$6. Discussion 
(a) The very reasonable agreeement between the values of P,(CF;) 
shown in table 1 (b) and the values derived from interactions in emulsion 
with Nn <7 shows that the common assumption that these latter values are 
typical of those in the atmosphere is not seriously in error. Obviously the 
best available atmospheric values must now be regarded as those obtained 
from the weighted means of the P,,(CF,) and P;,(C) values given in table 


1(b). The means are shown in table 7. 


Table 7. Fragmentation parameters in the atmosphere] 


H ] i a 


0:17+0-03 | 0-29 + 0-04 EP :04 1-34 + 0-12 
0-11 4 0-02 D : 


1:00 + 0-08 
0-51 + 0-08 


1 See text for explanation. 


(b) The mean free paths measured in the teflon and polyethylene are 
in reasonable, although not perfect, agreement with the values calculated 
from the empirical formula of Bradt and Peters (1950). This result 
justifies the use of this formula to calculate the mean free paths in tl 
ur with the accuracy necessary at present. : ae 

(c) In an experiment of this sort only those radi i R 
produced which have half-lives ao a less a AR 
before being observed and identified. However, in interstellar P 
practically all the fragments will have ample suns to deca : s d 
end product. Consequently the observed EERE f m = 
should be corrected for this effect. Fortunately this must BC 
order effect, since among the nuclei produced will be apace E vs 
down and others which can decay up in charge. For example m 

——» 


but !?2B—5*,1?C, and in a first-order ex eri VE 

justifiable to neglect this effect. n ui dd ue i Ee 
the magnitude of this effect while using the empirical rela ion ae calculated 
cross sections for isotope production. The validity of this e partial 
somewhat doubtful, particularly due to the apparent d e ation is 
the experimental P;,;(H) values shown in table 5, but it does i ee pU 
these corrections do not exceed some 20%. ndicate that 
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Similarly, a more refined experiment would attempt to take into account 
the apparent energy dependence of the fragmentation parameters (Evans 
and Hillier 1961, and Aly and Appa Rao 1963). 

(d) Any model for the propagation of the cosmic radiation in the inter- 
stellar medium which can be expressed in a mathematical form should give 
equations for the source abundances Q; of the various charge groups of the 
following kind : 


Q;— f(J, t X, P(A), degno spese (b) 


where J; are the abundances at the top of the earth's atmosphere and x 
is a parameter dependent on the model assumed. For example, if the 
propagation is assumed to be along a definite path, the so called ‘regular 
model’, then x =s, the amount of matter traversed, ing[em?. Ifinstead the 
propagation is assumed to be a diffusion then 2 is the ratio of the coefficient 
of diffusion to the interstellar density (Ginzburg and Syrovatsky 1961). 

Thus if one value of Q; is assumed, e.g. Q;,=0, then provided J; A; and 
P,;(H) are all known z, and the other values of Q; can be found. At present 
the limiting factor in solving these equations is the experimental uncertainty 
in the P;;(H) values and it hardly appears profitable to attempt to distin- 
guish between the various models at this time. However, as an indication 
of the significance of the values reported here s is found to be ~ 3-5 g/cm? 
cf. the 6:5g/cm? found by Ginzburg and Syrovatsky (1961) using rather 
different P;(H) values. In addition, because of the low P;.(H) values 
found here it is clear that it would not be possible for any of the current 
models to start with all Q;=0 except Qv, since the L to M ratio would 
always exceed unity in such a case. 

(e) It should be clear from the above discussion that in order to obtain 
more detailed conclusions the P;,(H) parameters will have to be determined 
with considerably greater statistical accuracy than that which was obtain- 
able in this experiment. In principle it is desirable that the residual 
uncertainties introduced by these parameters should be appreciably less 
than those due to the other experimentally measured quantities in eqn. (5). 
This essentially implies a comparison with the uncertainties introduced 
by the abundances, J;, since the mean free paths, X, appear to be relatively 
well known. 

Inthe absence of an adequate nuclear theory of the high energy spallation 
of complex nuclei there seem to be only two general methods of obtaining 
estimates of these P;,(H) parameters: 


(1) mass spectroscopic and radio-chemical analysis of target materials 
exposed to known intensities of high energy protons. 


(2) fragmentation of energetic nuclei in a hydrogen medium. 


In a recent review article Hintenberger (1962) has discussed the sensiti- 
vity of mass spectrometers and concludes that, using the best techniques, 
trace contaminations of many elements can be detected in concentrations 
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of 10-8 to 10-1? without prior enrichment of the sample. This detection 
sensitivity is greater than that of radioactivity measurements unless the 
half-life is less than about 105 min. ; 

In a target, which must be thin to reduce the effects of secondary produc- 
tion, the number of pulses of high energy protons, n, necessary to produce a 
detectable concentration of a particular spallation product is given by : 


ie) 
E BPs 


where S is the sensitivity, P the number of particles per pulse, and c the 
production cross section. Thus, if S=108, P — 10! particles per pulse, and 
o=10mb, n=10° pulses. At a repetition rate of 12 pulses per minute, 
typical for high energy accelerators, such an exposure would demand 
about 60 days of machine time. As a consequence of such considerations, 
measurements of this kind have been restricted to the short-lived radioactive 
products: those where the sensitivity can be increased by purification, and 
those with high production cross sections of 100mb or more. With the 
higher beam intensities and more sensitive mass spectrographs now being 
developed, it is probable that better data relevant to this problem will 
become available, but it appears that it will be a considerable time before it 
will be possible to calculate directly P;(H) values in this manner. Such a 
calculation demands a knowledge of the value of every appreciable partial 
production cross section in the spallation mass spectrum, which represents 
a major experimental effort. In principle, of course, such a determination 
would also permit an estimation of the influence of radioactive decay on the 
cosmic ray mass spectrum and is thus preferable to the fragmentation 
method. However, itis apparent that at the present time this latter method 
is the only one experimentally feasible, and it is therefore worth while 
considering how the present experiment could be improved. 


Obviously a major improvement would be to replace the present subtrac- 


tion procedure by one in which individual hydrogen interactions could be 


observed. This could be achieved by using separated emulsions exposed 


to the cosmic radiation while immersed in liquid hydrogen. Such an 
experiment appears to be feasible, since nuclear emulsion is still sensitive 
at these temperatures (Waniek 1956), but it would be difficult for logistic 
reasons. It may be noted that the density of liquid hydrogen ~ 0-07 e 
is less than half the partial density of hydrogen in polyethylene z 
Failing a solution to the problem of. flying a large tank of liquid drogen 
on a high altitude balloon, it would seem necessary to repeat de uem 
experiment with improved statistical weight. An GRE A the 
combined data from this and other experiments indicates that at the resent 
time the principle uncertainties in eqn. (1) come from P;;(CH,) [n than 
P (CF,) or o(C); thus a repetition of this experiment should concentrate 
on the determination of P,(CH,). Insucha repetition it would seem that 
the experimental procedure should be modified along the following lines 
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(1) As the measurement of the charge is the single most time-consuming 
measurement made, the stack used should be large enough to reduce 
the number of particles that traverse the stack without interacting 
to as small a fraction as possible. 


(2) The proportion of interactions occurring in the polyethylene should 
be as great as possible, compatible with the necessities of being able 
to measure the charge in individual emulsions to detect changes in 
charge and detecting fragments from interactions. 


(3) In order to ensure that charge values measured near the bottom or 
the stack are not affected by the reduced velocity of the particle after 
traversing the overlying material, the exposure should be made at a 
higher geomagnetic threshold than that used here. An additional 
advantage of using particles of higher mean energy is that the frag- 
ments would more nearly maintain the direction of motion of the 
primary, and thus facilitate the location of such fragments and permit 
the use of thicker plastic sheets. 


To reduce the scanning time, and as a consequence of (3), the exposure 
duration should be appreciably longer than that used here. Alter- 
natively, since absolute flux values are not required, multiple 
exposures should be made. In the latter case, care would have 
to be taken to eliminate particles entering during the ascent, by 
flipping the stack, and it would be necessary to verify that there 
was no fading of the emulsion image. The ideal solution would 
be a three to four day exposure in a low altitude recoverable 
equatorial satellite. 


~ 
HH 
— 


The problem of the effects of radioactive decay still remains but to a first 
approximation can be allowed for by using an approach similar to that of 
Badhwar et al. (19622). Alternatively many of the partial cross sections 
of the short lived radioactive nuclides have been measured by radiochemical 
analysis and these data can be used to make a correction. 
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ABSTRACT 


Dislocation configurations in undeformed electron beam zone-melted single 
crystal molybdenum have been examined by thin-film electron transmission 
mieroscopy. In addition to a relatively uniform distribution of dislocations 
of density -—5x109*em-?, certain of the foils are characterized by (i) long 
grown-in dislocations stabilized by precipitates, (ii) rows of prismatic disloca- 
tion loops parallel to «111» emanating from inclusions in the matrix. The 
loops are believed to be interstitial in nature, with a spacing consistent with 
the theory of Bullough and Newman (1960) and a critical resolved shear stress 
to move a loop —10-! pu. Since the critical resolved shear stress of niolyb- 
denum at room temperature is 9 x 10-1 p, it is concluded that the loops form, 
during cooling, at temperatures > 900?c. : 

Observations made on crystals deformed in the temperature range 4:2-300?k 
show that the inclusions and immobile grown-in dislocation networks act as 
barriers to dislocation motion, and are the sites at which dislocation tangles 
originate. The available evidence indicates that the inclusions are Mo,C, the 
occurrence of which is dependent on the distribution and level of impurities in 
the starting material. The calculated differential expansion at the inclusion- 
matrix interface, based on the number of loops emitted, is consistent with 
growth of the carbides during cooling. 


$1. INTRODUCTION 


As part of a programme designed to study the mode of plastic deformation 
in high-purity b.c.c. metals, observations have been made on the initial 
distribution of dislocations in floating zone-melted single crystal molyb- 
denum, using diffraction electron microscopy. Several studies have been 
carried out on the annealing sub-structure in polycrystalline iron (Brandon 
and Nutting 1960, Carrington ef al. 1960, Keh 1962), tantalum (Hull et al. 
1962), tungsten (Jones 1960, Nakayama et al. 1962), and molybdenum 
(Benson et al. 1962). A common feature of the recovered condition is the 
appearance of sub-boundaries composed of regular arrays of dislocations 
arranged in networks, while in the fully recrystallized condition, the 
sub-structure is essentially removed, leaving a low dislocation density in 
the grains ~10’cm~. Similar electron microscope studies on single- 
crystal material have been limited to silicon-iron (Low and Turkalo 1962, 


[Now at the Department of Physics, University of Pretoria, Pretoria 
South Africa. 
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Keh and Weissmann 1961), in which it is found that well-annealed crystals 
possess a uniform dislocation density ~ 105cm-?. In the as-grown zone- 
melted molybdenum single crystals examined in the present study, various 
forms of dislocation configuration are in evidence, depending upon the 
distribution and level of impurities in the starting material. ‘The configu- 


rations are classified as: (i) rows of prismatic dislocation loops generated H 
by the stress field around inclusions ; (ii) long winding dislocations stabilized E 


p 


by precipitates ; (iii) short single dislocations running through the foil and 
distributed relatively uniformly throughout the matrix. This paper 
diseusses the origin and nature of the inclusions, and also the form, spacing 
and shear stress distribution of the prismatic loops. From observations 
made on strained material, it is clear that the complexity of the dislocation 
arrangement for a given strain, and hence the form of the stress-strain 
curve, are directly related to these initial configurations. 


| 


$2. ExPERIMENTAL PROCEDURE 
Single erystals of molybdenum were prepared from hot-swaged arc-cast 
0-120in diameter molybdenum bar (General Electric Lamp and Wire 
Division, Dover, Ohio) by electron beam vertical floating zone melting 
(Calverley et al. 1957, Lawley 1959). The material had a stated initial 
purity ~99-95 wt. %, and after three molten zone passes at 3-5 mm in a 
vacuum 5x 10-5mm Hg, analysis gave 99-995 wt. % purity with carbon 
13p.p.m. (microcarbon) and oxygen, nitrogen and hydrogen ~1p.p.m. 
(vacuum fusion). : 
Thin-foil specimens of the desired orientation were prepared from the 
bulk crystals using a sequence of electro-machining and jet-polishing 
ope rations (Strutt 1961). The foils were examined in transmission in à 
Philips 100 B electron microscope at 100kv. Selected area diffraction 
Nec 0 oss ey ode 
with the foil in jb in the e x ole : a Eee eee ie eae 
electron microscope. In several s it En En * UE 
illumination on the extinction contour os : ea - ecu tele 
lumina l taon contours in order to determine the reflection 
giving rise to the diffraction contrast image. 


$3. ELECTRON MICROSCOPIC OBSERVATIONS 
3.1. As-grown Material 


In many instances, dislocation loops are : : 
inclusions in the matrix as shown in s 1-3. c n 
prismatic loops observed in ionic crystals (Mitchell and T > uae 
Mitchell and Parasnis 1959), niobium (Fordeaux and Ber ee ae 
iron (Carrington ef al. 1960), and more recently UC ae ee 
(Barnes and Mazey 1963). In the photomicrographs, the plane of. ae Po 
tion is (011), and in each case, the loops have propagated DONE 


paeked (111) direction. Figure 3 illustrates loop propagation along both 
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the possible (111) directions lying in the (011) plane. From the degree 
of ellipticity, it is deduced that the loops lie on various planes, frequently 
{111} and {123}, and have a diameter similar to or slightly smaller than the 
inclusion from which they were generated. The loops have been observed 
in association with circular, rectangular and irregularly shaped inclusions, 
varying in size (in the plane of the foil) from 0-05 u to 3,4. The number 
of loops emanating from an inclusion in a particular (111) direction varied 
from 3 to 13, and in several cases, the envelope of the loops tapered away 
from the inclusion. In no instance was there any stacking fault contrast 
in the loops. 

It is clear from fig. 2 that the loops are near to one surface of the foil, and 
that a section of each loop has been removed in the polishing operation. 
Similarly, for the long row of loops in fig. 3, both upper and lower sections 
of the loops have been removed. Striations traversing the inclusions in 
the plane of the foil, e.g. figs. 1 and 3, are a further consequence of the 
electro-thinning operation. The foil thicknesses, as calculated from the 
length of glide dislocations on a known slip plane, or estimated from the 
size of the largest loops, are in the range 1800-2600 A. 

A second form of grown-in dislocation is illustrated in fig. 4 in which the 
long dislocations are poisoned by impurity segregation. The impurity 
atoms, brought into solution in the molten floating zone, precipitate on 
dislocations or segregate into clusters which interact with the dislocation 
lines. The clusters in fig. 4 are representative of the largest size observed. 
In fig. 5, smaller size precipitates are seen on what are believed to be pris- 
matic dislocation loops emanating from a long inclusion. Thus, the 
loops are formed first, and this is followed by impurity precipitation along 
the dislocation loops at a lower temperature. Again there is evidence of 
the cutting away of sections of certain of the loops in the thinning operation. 

Apart from the complex of prismatic dislocation loops and poisoned 
networks, there exists the relatively uniform distribution of dislocations 
characteristic of any undeformed metal. Prolonged annealing at tem- 
peratures ~1700°c had on marked effect on the dislocation density 
(~5x10°cm™). This would indicate that essentially all the grown-in 
dislocations are pinned by sub-microscopic impurities. In the case of 
silicon—iron single crystals, Low and Turkalo (1962) were able to reduce the 
initial dislocation density to —105cm-? by high-temperature annealing. 


3.2. Deformed Material 


The role of the grown-in networks on subsequent plastic deformation 
may be followed from figs. 6 and 7. These transmission micrographs 
were prepared from single crystals deformed in bulk at 300?x to 25507 
and ~7% tensile strain respectively. The grown-in dislocations A-A 
act as barriers for the mobile dislocations, and are sites for the initiation 


T The loops are assumed to be circular. 
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Fig. 1 Fig. 2 


xi 
E 
a 


Transmission micrograph of foil Transmission micrograph of foil 
parallel to (011), using the f parallel to (011), using the 
(200) reflection. x24 000. (200) reflection. x 24 000. 

Fig. 3 Fig. 4 


Transmission micrograph of foil 
^ arallel to (011), using the 
reflection. x 24 000. 
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Transmission micrograph of foil 
parallel to (011), using (200) 
reflection. x 24 000. 


~7%, tensile strain at 300°K. Foil 
parallel to (011) using (011) 
reflection. A-A are grown-in 
dislocations. x 24 000. 


P.M. 


Lolybdenum 


Fig. 6 


1:5% tensile strain at 300°K. Foil 


parallel to (012). Reflection not 
determined. A-A are grown-in 
dislocations. x 24 000. 


Fig. 8 


~3% tensile strain at 300°K. Foil 
parallel to (011), using (200) 
reflection. Grown-in disloca- 
tions A-A. Inclusions B-B. 
x 24000. [111] active Burgers 
vector. 


SY 
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of dislocation tangling, prismatic loop formation, and multiplication. 
In order to further illustrate this effect, in fig. 8 (~3% tensile strain at 
300°x) a region of the foil is shown in which there are grown-in dislocations 
A-A, an inclusion B-B, and ‘clean’ areas. The crystal was oriented for 
maximum resolved stress on the (011) [111] slip system, and sliced parallel 
to the (011) plane. In the ‘clean’ areas, the dislocations are relatively 
straight, are of a predominantly screw orientation, and are jogged along 
their length. It is only in the vicinity of the inclusions or grown-in 
dislocations that complex dislocation tangling is apparent. Fora similarly 
oriented crystal deformed ~ 0:5% tensile strain at 4-2°K and in an area of 
the foil devoid of inclusions or poisoned dislocations, fig. 9, there is a complete 
absence of dislocation tangling despite the relatively high dislocation 
density. Again the dislocations are predominantly of screw character 
and are heavily jogged. A detailed account of the effect of temperature 
on the dislocation configurations in deformed high-purity molybdenum is 
given elsewhere (Lawley and Gaigher 1963). 


§ 4. Discussion 
4.1. Origin and Nature of the Inclusions 
Much interest is centred on the origin, nature and possible removal of the 
inclusions, which give rise to the prismatic dislocation loops, and which act 


as sites for dislocation tangling. It is important to make clear that the 
occurrence of these inclusions cannot be predicted. Thus, from an 


Fig. 9 


~0-5% tensile strain at 4-2°k. Foil parallel to (01 i 
eal ih) ws T 5 
x 24000. [111] active Bae ee (O11) reflection. 
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examination of many foils prepared from several erystals, it is found that 
the inclusions may be (i) distributed in a fairly uniform manner throughout 
the zoned length, (ii) concentrated in local areas of the erystal, with large 
areas of the matrix showing only the conventional grown-in dislocation 
configuration. 

Diffraction studies made on several of the larger inclusions are consistent 
with Mo,C. However, in view of the limited accuracy available in the 
determination of interplanar spacings, this cannot be considered to be 
unambiguous. In support of these findings, Mastel (1963, private com- 
munication) has observed somewhat similar inclusions with associated 
dislocations in annealed molybdenum containing 400—500 p.p.m. carbon, 
whereas these structures were absent with lower carbon contents. Votava 
(1963, private communication) has also produced these effects by annealing 
molybdenum in a relatively poor vacuum 10-!mm Hg, produced by an 
unbaffled oil diffusion pump, a condition conducive to carbon contami- 
nation from the oil vapour. 

On the basis of inclusions of Mo,C, a reasonable estimate can be made 
of the carbon concentration necessary to give an area density of inclusions 
similar to that in figs. 1-3. The estimated concentration is in the range 
100-200 p.p.m. by weight carbon. Although the starting material has an 
overall carbon content of 40 p.p.m., it is entirely possible that local concen- 
trations of the above magnitude are present, giving rise to the formation of 
Mo,C (m.p.t~ 2400°c) during floating zone melting. A characteristic of 
the floating zone melting technique is the high temperature gradient 
(> 1000°c em) which exists along the specimen during zoning. As a 
consequence of this, the final distribution of inclusions or impurities will be 
critically dependent on temperature fluctuations in the molten zone. 


4.2. The Form, Spacing and Shear Stress Distribution of the Loops 


Stresses in the vicinity of an inclusion are usually compressive, in which 
case the loops generated are in the form of plates of interstitial atoms, this 
being equivalent to a transfer of material from the inclusion—matrix 
interface to a region of lower compressive stress. In several of the rows 
of loops in the molybdenum, it is found that the loop diameter decreases 
with distance away from the precipitate (e.g. figs. 1 and 2), suggesting 
that the loops are interstitial, and that vacancy absorption occurs during 
motion of the loops along the glide cylinder. Certainly a vacancy concen- 
tration in excess of equilibrium will be present as a consequence of the high 
temperature gradient existing at the liquid-solid interface in the zone- 
melter. On the basis of Mo,C (hexagonal c.p.) distributed in the cubic 
matrix, a complex arrangement of differential thermal stresses is expected. 

Bullough and Newman (1960) have considered the spacing of circular 
edge prismatic loops in terms of the loop radius. For a single loop of 
strength b and radius a, the shear stress 7,,, decreases rapidly with distance 
from the plane of the loop (x—0). Thus, the resulting shear stress on a 
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particular loop in a row is primarily determined by first and second neigh- 
bours, with the final equilibrium spacing such that the shear stress on each 
loop due to its neighbours equals the critical shear stress Torit, to move the 
loop. Mathematically : 


7,,0rit.— Vouf4ra(l—v), . 2 + 2 es (1) 
where p is the shear modulus, v= Poisson's ratio and V is a dimensionless 
parameter. 

Fig. 10 
3 


A LOOP RADIUS ~ I600°A FIG. 2 
© LOOP RADIUS ~ 900°A FIG.| 


Ne M LOOP RADIUS ~ 500% FIG.3 [iri] 


39 Y LOOP RADIUS ~ 625°A  — 


LOOP SPACING: LOOP DIAMETER 
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Plot of loop spacing ratio against loop number. Solid curves give the theoretical 
values for a ten loop row. 


In order to compare the experimental values for loo 
theory, the ratio loop spacing : loop diameter 

loop number for four separate rows, fig. 10. 

is defined as the outermost loop in the row. 
the computed loop spacings for a row of ten lo 
0-05, 0-25 and 0-5 respectively]. The mac 
and the general shape of the experimental c i 

with those of the computed curves. Perturbations ; : 

are attributed to the presence in the lattice of eet o c HO 
bile dislocations in the path of the glide cylinder (fig 2» E Ls : end 
pinning of prismatie loops. From the interpolated vale Pee 
critical shear stress 7,,crit. has been calculated for each of ak pele the 
using equation (1). Values are listed in table 1. The ave pros 
T,,crit. obtained from measurements on all the rows of loops oe i vas A a 
ie 


T The ten loop configuration can be used to determi i ae 
of loops less than ten. mine spacings for any number 


P Spacing with the 
(%/2a) is plotted against 
In the figure, the first loop 
The solid curves represent 
ops for values of V equal to 
nitude of the Spacing ratios 
urves are, in general, consistent 
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Since the critical resolved shear stress for slip in molybdenum is ~ 9 x 1074 u 
at room temperature, and this decreases to a level ~10-4 at ~900°c, 
itis concluded that the prismatic loops form during cooling over the approxi- 
mate temperature range 2400°c-900°c. On cooling below ~900°c, 
differential thermal stresses continue to increase at the inclusion—matrix 
interface, but do not reach the level necessary for further generation of 
loops. 
Table 1. Critical shear stress to move a loop 


Row symbol} Loop radius (å) Ore Crit. 


1600 9x 10-5 p 
900 7x 10-5 p 
500 13x 10-4 u 
625 7-5 x 10-5 u 


This change in behaviour is believed to be due to (i) a continued growth 
of the carbides on cooling from 2400?c to ~900°C, (ii) a stable carbide 
size from ~ 900°c down to room temperature, in which the interface stress 
no longer exceeds the critical shear stress of the matrix. It is possible to 
estimate the differential radial expansion (o) occurring at the interface. 
If n is the number of loops generated at an inclusion of radius a, and 0 is 
the cooling range, then: 


nb 
mA DE VO SOL ens Se LIMEN) (2) 


Using b=2-74, and 6-:1500*c (2400°c-900°c), the mean value of o, 
calculated for the various rows of loops, is c9 x10-9e.g.s., which is 
approximately 2e, Since the inclusions are unlikely to have a high 
negative coefficient of expansion, it is concluded that growth of the inclu- 
sions occurs during cooling over the range 0. Consistent with the growth 
of carbide inclusions, the limiting solid solubility of carbon in molybdenum 
decreases from 0:02 wt. % at 2200?c to 0-002 wt. % at ~1000°c (Few and 
Manning 1952). 

The discussion on loop spacing outlined above is restricted to the rows 
of loops parallel to the (011) foil surface along the four (111) directions. 
Rows of loops have not been observed along the (111) directions at 35° 16’ 
to the (011) foil normal. The shear stress distribution at a distance x 
from a single loop leads to an equilibrium spacing due to slip Torit, given 


by: 
y; vk 3bua® 14 (3) 
HORE I ELSE GERE ^ Uu E 


a 


Neglecting repulsive forces due to neighbours, and using the o,, crit. 
stresses derived from eqn. (1), terit, for the various rows of loops lies in the 
range 2700-42004. Taking the lower value of 27004, this means that 
loops € 1350.4 from the foil surface will move out of the foil under the action 
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- 2 o j- al n 
of the image force. Based on a foil thickness fmax = 2600 C, unm 
length of the glide cylinder axis along [111] or [111] is e 3 Ba 
essentially all the loops in these directions will be lost through the surtace. 


af a Tapa 
; PU = TAA i VE 
4.3. Inclusions, Grown-in Networks and the Stress-Strain Cu 


The precipitates and inclusions, acting as stress-raisers in pu 
num matrix, have a strong influence on the yielding process. is ae 
that the absence of discontinuous yielding (and an edic Upper ap i 
lower yield point), over the temperature range 42-300 K, in ES = 2 D 
and well-annealed crystals, is due to the successive onset of p astice e 2 
mation at several points along the tensile gauge section at these regions o 
stress. 

Table 2. Work-hardening of molybdenum single crystals 


Temperature (°K) dr/dy),~o.01 Kg mm-? 
300 143 
200 210 
TT 371 
4 656 


4 


The stress-strain curves for molybdenum single crystals oriented for slip 

on the (011) [111] slip system (Schmid factor > 0-48) are characterized by a 

high rate of work-hardening, the level of which increases with decreasing 

temperature, table2. By comparison, similarly oriented crystals of silicon 

iron show only a slight linear work-hardening capacity (712Kg mm-? 

at 300^K) for tensile strains as large as 0-10 (Low and Turkalo 1962). The 

stress-strain eurve is therefore similar to that of an f.c.c. sin 
showing a well-defined region of easy glide. 
behaviour of molybdenum is affected by the 
slip, it is considered that the high work 
crystals may in essence be attributed 
tangles formed during the early stage 
or poisoned dislocations. Thus, for silicon-iron crystals possessing a low 
initial dislocation density of 105 em~, and with a general absence of the 
longer grown-in dislocations, precipitates and inclusions, the deformation 
structure is characterized by a relatively ordered array of jogged screw 
dislocations belonging to the primary system, but with no complex dislo- 
cation tangling i.e., a configuration similar to that in fig. 9 or the ‘clean’? 
area of fig. 8. 

From an examination of the published transmission work on b.c.c. 
metals, it is concluded that, in most cases, the origin of the complex 
dislocation tangling present at low strains may be traced to the presence 
of precipitates, inclusions and long immobile 


dislocations throughout the 
matrix. An increase in overall purity by at least one order of magnitude 


gle crystal 
Although the work -hardening 
ease of operation of secondary 
-hardening rate of the molybdenum 
to the presence of the dislocation 
8 of deformation at the inclusions 
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or a complete solubility of impurities in the molybdenum lattice may be 
expected to considerably simplify the dislocation configurations of deformed 
b.c.c. material, and to result in a general lowering of the strain-hardening 
capacity. 
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ABSTRACT 


"Transmission electron microscopy has been used to measure the density of 
defect clusters and loops of various sizes in neutron irradiated copper as a 
function ofannealing. Quantitative measurements show that recovery occurs 
at-300?cin two stages. In the first of these the density of the larger clusters 
(>50 À diameter) is greatly reduced, the process occurring in a few tens of 
minutes at 275?c with an apparent activation energy of ~lev. Inthesecond 
stage of recovery, which occurs in several thousand minutes at 275?c, the 
small clusters («50 A diameter) and the remaining larger loops disappear 
with an apparent activation energy of ~2 ev. 

The first stage is attributed to the thermal dissociation of sub-microscopic 
vacancy clusters and the consequent annihilation of a large proportion of the 
interstitial atoms present in the larger loops. Also in this stage the larger 
vacancy clusters increase in size and stability. 

The second stage is the dissociation of these larger vacancy clusters and the 
annihilation of the remaining interstitial loops. "The shape of the loop size 
distribution can be predicted throughout the annealing by a simple model in 
which each interstitial loop, irrespective of size, collects the same number of 
vacancies during a given anneal. 


$1. INTRODUCTION 


THE presence of dislocation loops in neutron irradiated copper was first 
shown by Silcox and Hirsch (1959) by the thin film transmission electron 
microscope technique. In later work (Makin et al. 1962) the density of the 
observable defect clusters has been measured as a function of diameter 
after various neutron doses and the results fitted to theoretical models of 
cluster nucleation (Makin et al. 1962, Varley 1962). Preliminary annealing 
studies (Makin ef al. 1960 and 1961) indicated that not all of the observable 
clusters were of the same type and a distinction was made between small 
clusters up to ~ 50 4 diameter and larger dislocation loops. A similar con- 
clusion was also reached by Barnes and Mazey (1960) after examination of 
the clusters produced in copper by alpha-particle bombardment at ~ 200 ok 

In the present work a quantitative study has been made of the density 
of clusters as a function of their diameter after various annealing treatments 
in order to establish the general nature of the recovery process and the part 
played by the two types of cluster. 


§ 2. EXPERIMENTAL DETAILS 


Foils 0-001 in. thick were prepared from Johnson, Matthey spectroscop- 
ically standardized copper (99:998%) by alternate rolling and annealing, 
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with a final vacuum anneal at 600°c for two hours followed b y slow cooling 
(~2°c/min). A large quantity of foil was irradiated in the BEPO reactor 
in a hollow uranium cylinder at a temperature of ~27°c to a total dose of 
2-5 x 1018 fast n. em-? (» 1mev). The associated thermal neutron dose was 
8-7 x 1018 n. em-?, 
Annealing treatments were given for various times at three temperatures, 
275^c, 306?c and 336?c. Microscope specimens were prepared from the 
annealed foils by electropolishing in a 50% orthophosphorie acid—water 
mixture at 20?c and examined in a Siemens Elmiskop I microscope operated 
at 100kv. Diffraction photographs enabled the crystal orientation to be 
obtained and the thickness of the areas examined was calculated from the 
width of slip traces produced by prolonged exposure in the microscope. 
Prints were made at a standard magnification of 200000 x and were ruled 
into squares of 2-5 em sides. The number of defect clusters in each square 
whose diameter lay in the ranges 0-25 4, 25-50 å, ete. (0-3 mm, 1-1 mm, on 
the print) were recorded. The loop diameter was measured between the 
centres of the diffraction contrast given by the dislocation forming the loop. 
It is known however (Hirsch et al. 1960) that the diffraction contrast occurs 
either inside or outside the loop so that the measurements might be expected 
to either over or underestimate the loop diameter. It has been repeatedly 
observed however that when a loop is lying at a moderate angle to the foil 
surface (and hence appears as an ellipse) a change in the position of the 
contrast from one side of the dislocation to the other produces a clearly 
noticeable change in the length of the minor axis of the ellipse but almost 
no change in the length of the major axis. This suggests that the contrast 
ri oe doen e Anao oop vary clono to fhe atual 
are obtained by measuring t} aoe x ee ey of dus Hoa diameters 
; 5 the major axes of ellipses it is considered that 
the error introduced by the position of the contrast is a small one. 
e e aor (and one frequently neglected) is introduced by 
UNE y measure the thickness of the actual area being counted. 
sstimation of the foil thickness from the intensity of the Screen is very 


inaccurate, there being à marked tendency to select much thinner ar 
when the density of damage is high. rd 


in obtaining well-polished specimens suggests that many 


2 esolution (10-15 4 
ling, the appearance changes rapidly, the foils b. rs : 
sier to 


s more easily resolvable, fig. 2. The density 
in boundary denuded 


more clusters are 
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Fig. 1 


Dislocation loops in copper after 2-15 x 1018 n. em-? (> 1 mev). 


Fig. 2 


F Dislocation loops and small defect clusters in irradiated copper after annealing 
a at 306?c for 251 min. 
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zone increases rapidly to ~ 3000 å wide and within this zone virtually no 
large loops are observed but a high density of small clusters remains up to 
100-2004 of the boundary. On further annealing, the density of both 
the small clusters and the remaining loops decreases. The width of the 
grain boundary denuded zone remains constant, however. The main 
quantitative results on the density of clusters of different sizes after various 
annealing treatments are given in table 1, together with the unannealed 
values. Typical curves of the density as a function of diameter after 
various annealing times at 275°C are shown in fig. 3. Most of the values in 


Fig. 3 
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(1962) of the dose dependence of cluster density. p as 
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Fig. 4 (continued) 
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contrast to the results obtained on annealing vacancy loops in quenched 
aluminium (Silcox and Whelan 1960), where in bulk material large loops 
are observed to grow at the expense of small loops. : 

In fig. 4 (a), (b), (c), (d), (e) and (f) the results are replotted as a function of 
log (annealing time) for each size range up to 150A diameter. Similar 
plots for clusters above 1504 show a large scatter and this is because 
insufficient numbers of these comparatively rare loops have been counted 
to obtain statistically significant results. 

Applying Boltzmann statistics to the results, values of an 'activation 
energy’ for the annealing can be determined by plotting (logi), against 
1/7. The results fall into two groups. Clusters 0-254 and 25-50 in 
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Fig. 4 (continued) 
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halve the initial cluster density. E 
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37, 18 and 30 min respectively. Hence the majority of the larger loops have 

disappeared before the density of the small clusters has changed appreciably. 

The density of the larger loops does not go to zero during this rapid low 
activation energy recovery, however, fig. 4(c), (d), (e) and (f). The 
loops which remain after this firs& stage of recovery disappear over the 
same time scale as the small clusters. The apparent activation energy for 
this process also agrees with that found for the small clusters, i.e. ~2ev. 


$4. THE NATURE OF THE Two Types or CLUSTERS AFTER ANNEALING 

These results provide clear evidence of two separate stages in the anneal- 
ing of the defect clusters produced by neutron irradiation. "This contrasts 
sharply with the annealing of vacancy loops in quenched aluminium, which 
Sileox and Whelan (1960) found could be described by a single process, 
namely vacancy emission from. jogs on the loop. Itis probable, therefore, 
that this difference in behaviour is due to the formation of both interstitial 
atoms and vacancies during neutron irradiation, whereas only vacancies 
occur in quenched metals. Both the behaviour of the clusters in the grain 
boundary zone and the different annealing kinetics indicate that clusters 
less than 50 å diameter are formed from one type of point defect and those 
above 50 å from the other. Considerable evidence now exists which suggests 
that the larger clusters are formed by the condensation of interstitial atoms 
(Barnes and Mazey 1960, Makin et al. 1960 and 1961, Mazey et al. 1962) 
and hence the smaller clusters must be vacancy clusters of some kind. 
This conclusion can be checked from the quantitative counting work and 
information obtained about the nature of the small clusters by using the 
fact that the total number of interstitials must be equal to the total number 
of vacancies. The average number of interstitial atoms in loops lying on 
{111} planes has been calculated for each diameter range above 50 À and the 
average number of vacancies present in clusters below 504 diameter has 
been similarly calculated by assuming either (a) that the clusters are two- 
dimensional or (b) that they are three-dimensional, i.e. cavities. From these 
results and the density of clusters quoted in table 1, the density of point 
defects per cubic centimetre present in clusters of each size has been 
computed. In table 2 the total number of point defects in loops above 
and below 504 diameter and also in cavities less than 504 diameter are 
compared. It can be seen that after some annealing the calculated number 
of vacancies present in clusters less than 50 A in diameter is much closer to 
the number of interstitial atoms when the vacancy clusters are regarded as 
two-dimensional. When the annealing is nearly complete the numbers are 
approximately equal. The small clusters cannot be cavities, since there 
would then be approximately an. order of magnitude too many vacancies. 
The small vacancy clusters observed after annealing must therefore be 
either loops or tetrahedra. A distinction between loops and tetrahedra is 
not possible at this stage since the clusters are too small. After prolonged 
annealing, however, isolated tetrahedra are observed. 


P.M, 5Z 
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Also included in table 2 are the percentages of point defects remaining 
after various annealing treatments. It can be seen that almost complete 
mutual annihilation occurs for the longer anneals. The concen suo of 
point defects in large loops in the as-irradiated material is 2-1 "SIUE a 
since the number of primary knock-ons is ~ 7-4 10-1? the number o 
point defects in large loops per primary knock-on is ~ 32. 


$5. Tue MECHANISM OF CLUSTER ANNEALING 


The theory of the irradiation damage process suggests that many small 
vacancy clusters will be formed. An energetic primary knock-on atom will, 
towards the end of its path, transfer more than the displacement energy to 
every atom it passes so creating a high local density of damage ( Brinkman 
1954). Replacement type collisions enable a proportion of the interstitial 
atoms to escape from this region leaving behind a zone containing an excess 
of vacancies (Seeger 1958). The number of such zones formed is equal to the 
number of primary knock-ons and is an order of magnitude greater than the 
number of clusters observed in the 0-50 A diameter range. In as-irradiated 
metal, therefore, the small clusters observed are probably only the largest 
of these zones and in addition the metal contains approximately ten times 

this number of sub-microscopic vacancy clusters. Also in as-irradiated 
metal a substantial fraction of the small clusters observed may be small 
interstitial loops. The sub-microscopic vacancy clusters contain the extra 
vacancies required to equal the number of interstitials in the larger loops, 
table 2. They might also be responsible for the poor polishing characteristics 
of as-irradiated metal. When annealing is commenced the majority of the 
sub-microscopic zones become unstable and dissociate, releasing a large 
number of mobile vacancies. The activation energy for this dissociation 
might be lower than that for self-diffusion because of the small size of these 
zones. These vacancies migrate either to the interstitial loops, which are 
therefore partly annihilated, or to the larger vacancy clusters so making 
them bigger and more stable. The proportion of interstitial atoms in 
loops removed during this first stage is ~7 0%, as shown in table 2. The 
high efficieney of this annihilation process indicates that as expected from 
elasticity theory, the mobile vacancies preferentially migrate to the 
interstiti al loops rather than to the vacancy clusters. Evidence in support 
of this mechanism of the first stage of recovery is provided by the mechanical 
Eat he ac odio ti esent indicating 
a few angstroms in size. This tem cata : ie de pee ae om 
stage of annealing (Makin and Minte i m UE Speen dis aret 
ne er 1960) suggesting that during this stage 

à large number of very small clusters are dissociating. 


The formation during the first stage of recovery of the wi 5 
at - 
dary zone denuded of large loops y € wide grain boun 


can now be understood, T 
i Fi Dn - Two factor 
areimportant. Firstly, the initial concentration of in: S 


> $ : : terstitial ] 
to be slightly less in this region than in the interior al loops tends 


y le of grains and secondly 
whenannealing is commenced vacancies produced thermally atthe boundary 
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can. diffuse into the grain a short distance. Hence, when the sub-micro- 
scopic clusters dissociate a larger vacancy population is available to annihi- 
late a smaller density of interstitial loops which are consequently completely 
removed. This suggests that it is more difficult to evaporate vacancies from 
the larger vacancy clusters than from the boundary and this could occur 
if the larger vacancy clusters are tetrahedra. 


Table 2 
a ee ce eei nr e EP T ee T --———— 
n Number of point Number of 
RE defects in clusters point defects Percentage 
$ 0-50 A dia. in loops Ratio | Ratio | of point 
50-225 A n/N | n/N | defects 
Temp. | Time | Loops m | Cavities c diam. annealed 
(°c) | (min) | (10!5/em?) (1018/cm3) | (W, 1015/cm?) 
As-irradiated 6-96 87-1 23-4 0:30 3:0 0 
275 10 5-59 73:9 16:6 0:334 | 45 29-2 
60 5-11 64-8 7-85 0-65 8:3 66-4 
1000 2:87 37-1 5:09 0-56 7:3 TIT 
3981 1-09 13-2 1-78 0-61 T4 92-4 
30615 0:83 10:8 0:37 9.94 | 29:2 98-4 
306 10 3-99 49-7 6-85 0-58 7:3 70-5 
30 3°75 45:6 9-05 0-41 5-0 70-1 
63 3-20 39-3 6-55 0-49 6-0 72-0 
251 2-15 26-7 2-90 0-7 9-2 87-7 
1000 1-15 15:2 1-14 1-01 | 13-3 95-1 
5595 0-69 16-0 0-63 1-10 | 25:4 97:3 
336 10 4-18 54-1 7-33 0-57 7-5 68-7 
35 2:28 29-1 5:95 0:38 4:9 79-0 
60 1-67 20-4 2-81 0-59 7:3 88-0 
251 0-75 15:9 0:63 119 | 25:2 97-3 


The mechanism of the second stage of recovery is the dissociation of the 
vacancy clusters in the 0-504 diameter range, fig. 4(a) and (b). These 
clusters are sufficiently large for their dissociation to occur with the self- 
diffusion activation energy. The vacancies emitted from these clusters 
annihilate the remaining interstitial loops which consequently disappear 
with approximately the same kinetics as the 0-504 diameter clusters. 


$6. Tue SHAPE or THE DENSITY VERSUS DIAMETER CURVES AFTER 
ANNEALING 


Silcox and Whelan have suggested that circular vacancy loops in quenched 
aluminium disappear during annealing by the evaporation of single 
vacancies from jogs on the loop, and they have derived a relation for the 
rate of decrease in the loop radius with time as a function of the loop 
diameter. This relation predicts that due to the line tension of the 
dislocation, the rate of shrinkage accelerates as the loop becomes smaller. 


| 
| 
| 
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An alternative explanation by Johnson (1960) suggests that the loops 
anneal by conservative climb rather than point defect migration. 
However, Kroupa et al. (1961) have shown that Johnson's calculations are 
not complete and that consideration of the driving force for the climb 
increases the annealing times to well above the experimental values. 
Westmacott ef al. (1962) suggest that the behaviour of the loops observed 
in fission fragment irradiated aluminium can be explained by a combined 
process of growth by eonservative climb and slip and mutual annihilation 
by slip. : 
In the present work, however, there is no growth of large loops during 
annealing and no evidence that loop migration plays an important part 
in the recovery, although the slip of small loops along (110) directions has 
been directly observed in the microscope when a thin foil is heated. It is 
interesting to note that in such cases a loop occasionally changes its direction 
of motion from one (110) direction to another, presumably by the passage 
across the loop of two Shockley partial dislocations. In experiments in 
which only the initial and final positions of a loop are observed, as in furnace 
annealing, the failure of the two loop positions to lie along a (110) direction 
does not therefore prove that the loop has climbed. Since itis not necessary 
in the present work to introduce annihilation by the slip and climb of loops 
the results are interpreted entirely in terms of the behaviour of point 
defects. 

Silcox (1962) has proposed that the relationship derived by Silcox and 
Whelan for the shrinkage of vacancy loops on annealing can, with reversed 
signs, also describe the disappearance of interstitial loops due to the absorp- 
tionofvacancies. ‘The expression derived for bulk specimens is complieated 
and difficult to use, however. Furthermore, no evidence has been obtained 
of a redistribution of point defects between loops, as occurs in quenched. 
aluminium when the small loops shrink and the large loops grow. 

In these circumstances, therefore, a simpler assumption has been made, 
namely that equal numbers of vacancies migrate to each loop, irrespective 
of its size. For the purposes of calculating the density of loops in each size 
range after various amounts of annealing the loop distribution is regarded as 
being composed of n, loops of diameter d, plus n, loops of diameter dy, etc., 
where d, and d, are the mean diameters of the various size ranges used for 
IRURE, erem numis p of point dere a e roi Bom 

p diameters are calculated from the expression : 


md? — 4pg = qd?, 


where q is the area of one defect on the {111} plane. 

In this way the number of loops in each size range is constant during th 
annealing but their diameter is reduced. The results of analysis are a m 
in fig. 5 compared with some of the experimentally determined us 
(only the density of loops » 50 diameter are plotted, i.e. the inter ea 
loops). The total number of interstitial atoms which have been Ped 
is also given in fig. 5 expressed as a percentage of the original number 2 
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can be seen that the theoretical and experimental curves have the same 
general shape throughout the annealing and that the agreement is quite 
good, indicating that the assumption that the same number of vacancies 
migrate to each loop is reasonably correct. 

One point brought out by fig. 5 is the rapid annihilation of the smaller 
loops, i.e. those in the 50-75, 75-100 A ranges. The observed persistence 
during the annealing of the small clusters below 50 A in diameter therefore 
demonstrates very clearly that these are different in nature from the larger 
loops. If they were not then they would be removed at a very early stage 
in the annealing. 


Fig. 5 
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The comparison between the theoretical and experimental curves of the density 
of defects as a function of diameter after annealing. 


$7. SUMMARY 


Quantitative measurements of the cluster density in copper irradiated 
with 2-5 x 1018 fast n. cm~? as a function of annealing shows that recovery 
occurs at ~300°c in two distinct stages. In the first of these the density 
of the larger (7 50 diameter) clusters is greatly reduced. ‘The process 
occurs in a few tens of minutes at 275?c and has an apparent activation 
energy of 1-1-5ev. In the second stage of recovery, which requires several 
thousand minutes at 275°c, the small clusters ( « 50 À diameter) and the 


remaining larger loops disappear with an apparent activation energy of 
-2ev. 
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The results indicate that after annealing the small clusters less than 50 & 
in diameter are of a different type to these larger than 50A. The small 
clusters are attributed to vacancies and the larger to interstitials. 

The first stage of recovery is attributed to the thermal dissociation. of 
sub-mieroscopie vacancy clusters, with the consequent annihilation of a 
large proportion of the interstitials present in the larger loops and an 
increase in the size and stability of the larger vacancy clusters. The second 
stage is the thermal dissociation of these larger vacancy clusters and the 
annihilation of the remaining interstitial loops. A simple model in which 
each, interstitial loop, irrespective of size, collects the same number of 
vacancies during a given anneal is shown to predict the correct shape of the 
size distribution throughout the annealing. 
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ABSTRACT 


By special light optical observation techniques monolayer polyethylene 
single crystals could be examined in their uncollapsed configuration while still 
in suspension and related to their fully or partially collapsed forms seen 
electron-microscopically. The existence of the previously deduced non-flat 
based hollow pyramid was directly confirmed, but only as one, the most 
regular, of à range of other configurations which are corrugated forms with 
varying amounts of corrugations. The obliquities of the basal planes 
underlying all these forms are attributed to the fact that nearest-neighbour 
folds are not on the same level, this fold staggering arising from a double, 
left-right and back-front, asymmetry of the fold. 


$1. INTRODUCTION 


Tuts is the third in a series of papers on the crystal habit features of long 
chain compounds. In the two previous papers (Keller 1961, Bassett and 
Keller 1961, to be referred to as I and II respectively) some new habit 
features were observed from which information on the molecular structure 
was deduced. The habit features in question concerned the non-planarity 
of the lamellar crystals which was related to the modes of stacking of end 
groups in paraffin (I) and to that of the folds in polymers (II). In poly- 
ethylene the non-planar nature of-the crystals may result in a hollow 
pyramidal habit. This pyramidal form however was not directly observed 
at that time as the crystals had to be removed from their mother liquor 
for electron-microscopic observation and were thereby flattened by surface 
tension forces. In only a few cases was it possible to retain some of the 
non-planar features for electron-microscopic examination but from these 
a detailed model for the overall shape of the original hollow pyramids was 
proposed. The present paper presents evidence obtained by examining 
crystals directly in suspension with the dark-ground optical technique. 
This has confirmed the proposed model but only as one of several related 
configurations which can be adopted. The paper also examines the 


f Present address: Bell Telephone Laboratories Inc., Murray Hill, New 
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factors relevant to the discussion of such structures which is preparatory 
to the detailed studies of configurations made in the succeeding paper 
(Bassett et al. 1963), IV of the series). 


$2. Tug MODEL 

It is now well known that polymers can crystallize from solutions in the 

form of lamellar crystals containing the molecules in a folded configuration 

(e.g. Keller 1959). In the case of polyethylene—the subject of this and the 

following paper—we shall be concerned with two types of crystal: true 

| lozenges with four prism faces indexed as (110); and truncated lozenges with 
| two additional (100), faces. The indices with subscript s refer to the unit 
| cell of Bunn (1939) which we now regard as a sub-cell in distinction to the 
true unit cell comprising the full fold period including the fold itself. 
The (110), and (100), prism faces each bound a structurally distinct sector 
of the crystal which may be related to the folding of the molecules along 
| these faces during growth (Keller and O’Connor 1958, Bassett et al. 1959). 


We shall denote as the (A0) sector that one which is bounded by the (hk0)s 
prism face. 


Fig. 1 


A ((312)(110)) hollow pyramidal model. Th i ce 
mise ho ES ms pe plane indicates the 


When the molecular length (cg 
to a crystal lamella, this will be 
inclined to it in different sectors, 
| with which we are now concerned 


direction) is everywhere perpendicular 
planar, when it is not and is differently 
non-planar lamellae result. Tt is these 
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The first inference of hollow-pyramidal non-planarity was made from 
flattened crystals (Bassett et al. 1959, Niegisch 1959). Reneker and Geil 
(1960) and Niegisch and Swan (1960) recognized that this habit was due to 
staggered arrangements of folds and proposed a flat-based pyramidal model. 
The pyramid proposed by us in our previous work (IT) is a non-flat-based 
one and this will be confirmed in the present paper. Photographs of this 
class of model are shown in figs. 1, 2 and 3. 


Fig. 2 


Elevation of a {(312)(110)} hollow pyramidal model. 
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2.1. Habit Notation 


A suitable notation for defining the habit of such crystals, which must 
indicate the fold-containing surfaces in conjunction with the sectors 
in which they occur, is {(Akl)(110)}, signifying that the (Akl); fold surface 
occurs in the (110) sector, (kl); in the (110) sector, and so on by change of 
sign of corresponding indices. It is understood that (hkl), as eus top fold 
surface is accompanied by (A kl); as the bottom fold surface. The habit so 
defined, when / is uniform in sign and magnitude throughout, is a pyramid- 
ally dished sheet on a non-flat base, illustrated diagrammatically in fig. 12 
of TI, and by photographs of models in figs. 1 and 3 of this paper. These 
have been constructed for (kl); — (312); which is one case compatible with 
our experimental evidence. Negative / would represent a similar pyramid 
with its vertex downwards. 

For brevity we sometimes use the fold surface indices alone to designate 
a habit, writing {hkl}, in place of {(hkl)(110)}. When we do this, it is to be 
understood that (hkl), is associated with (110);, and so on by change of 
sign of corresponding indices. {312}; would represent a different habit 
from that described above, its fuller designation being {(312)(110)} or 
alternatively {(312)(110)}. This, or more generally {(hk1)(1 10)! with 2 and 
k of opposite sign, represents four sheets in a saddle configuration, in place 
of a pyramid. Its sector angles are obtuse instead of acute, and the 
flattening of such an object would open up a characteristically shaped 
hole at the centre. Reneker and Geil (1960, fig. 5) in fact show a crystal 
with a centre hole, which they attribute to a saddle geometry. Wehave no 
examples of this. 

Our habit notation may be extended to cases with more sectors, as for 
example ((317)(110); (h'0U')(100)} for the ‘truncated lozenge’ crystals 
formed by erystallization at higher temperature (Bassett and Keller 1962). 

By a further extension of this notation we may conveniently use 
( [h"k'"\(110)) to signify the directions [^"E'l"] in the (1 10) sector, 
L^ E'1^], in the (110) sector and so on. For brevity these may similarly be 
referred to as the (A" k"l" ys directions. 

The experimental evidence that the first two indices of the fold surface 
for (1 10). are 3 and I (or a common multiple of these) derives from the well 
established observed direction ([130](110) ) which is interpreted as the line 
of intersection of a pair of fold surfaces in which lreverses sign. "This is a 

most important case in practice. The deduction of Lis less certain, but it 
has been set equal to 2 for the construction of models and diagrams. The 
a yee for these indices is given fully in IV and will not concern us further 

$3. NEW EXPERIMENTAL FrxpINGsS 
3.1. T'echniques 

Itis clear that direct viewin 
One attempt to achieve this 
strate which solidified subse 


g of the uncollapsed crystalsis highly desirable. 
was to sediment the crystals on a liquid sub- 
quently. Jn the case of truncated lozenges, 
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electron micrographs obtained in this way indicated the existence of mono- 
layer pyramids (Bassett et al. 1960) (fig. 9, part IL. Such crystals, how- 
ever, became unavoidably distorted to some extent during the solidifi- 
cation of the substrate. For other preparations this method, although 
yielding interesting results, was not conclusive (see below). Clearly in 
this kind of experimentation only the presence of a three-dimensional feature 
is conclusive, not its absence, as a certain amount of flattening can still 
occur. 

Direct viewing of crystals while within the liquid is restricted to optical 
microscopy. Even this represents a difficult problem owing to the small 
refractive index difference between crystal and liquid, nevertheless it could 
be achieved by means of phase contrast microscopy as reported elsewhere 
(Mitsuhashi and Keller 1961). To recapitulate, this was possible through 
two factors: (1) by making the refractive index of the liquid as different 
from the crystal as possible by adding a second liquid to the suspension ; 
(2) by making the crystals rotate. The two conditions were best satisfied 
by using acetone as an additive liquid and by placing the liquid on a cavity 
slide and covering it with a cover-glass so as to leave a gas bubble beneath 
the glass. The crystals were observed near the bubble in the liquid with 
high quality phase contrast. This method proved to be suitable for the 
study of multi-layer crystals (Mitsuhashi and Keller 1961). The edges of 
monolayer crystals could be detected, but contrast was insufficient for 
studying their configuration. (This is really not surprising as we are 
dealing here with retardations of about 0:002 à.) The latter could, how- 
ever, be achieved with dark ground illumination in the same kind of pre- 
paration. It was found that as the crystals rotated in the liquid specular 
reflection occurred from certain facets, which thus became bright against a 
dark background. This was the first indication of the fact that the crystal 
facets were not all uniformly oriented when in the liquid. However, the 
viewing of a single bright facet on its own was not fully satisfying without 
its relation to the whole crystal being observable. 

By continually adjusting the microscope mirror and the condenser the 
angle of incidence could be altered and thus sometimes different facets of 
the same crystal could be brought into reflecting position in succession. 
It is obviously desirable to see the whole crystal at one and the same time. 
This could be achieved if accidentally the crystal was illuminated by light 
scattered from one or more nearby objects such as bubbles or dust particles 
when more than one facet, and occasionally the whole crystal, could appear 
bright. Photography presented added difficulties owing to the rapid 
movement of the crystals, the need to make adjustments continuously 
and the extreme brightness differences which could not all be recorded 
together on the negative and even less on a print. Consequently the 
printed image lags behind the observed one, both in quality and informa- 
tive value more than is usual in photomicrography. Even so our primary 


objective was achieved; — 1004 layers have been observed and recorded 
in their original configuration. 
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The requirement of great focal depth (the crystals were often partly 
edge on) restricted this work to objectives not higher than 25 x. This 
imposed a severe restriction on the size of the crystals; only those of 
unusually large size were suitable. Fortunately this included the two ty pes 
which were most relevant for our purpose. These were the ones referred to 
most frequently in II ; (1) the truncated lozenges (figs. 6, 8, 9 in part IT) with 
triangular central folds along b in their collapsed state, and with striations 
along b, in the {100} sectors and some others between bs and [110], (not 
often accurately measurable) in the (110), sector; and (2) true lozenges 
with mostly transient striations along (130); (figs. 1 and 2 of IT and 5 here). 


3.2. Observations 

The dark-field examination confirmed the pyramidal nature of the 
crystals in the case of the truncated lozenges. The pyramids were of the 
type as in fig. 2 with a non-flat-base and as far as could be judged at least 
consistent with a {311}; type pyramid with 1=2. (For measurements see 
part IV.) Despite the limitations of photography a few illustrations will 
be attempted. Figure 4 (a) shows best the pyramidal nature of the whole 
crystal in the case of an unusually large object as seen approximately from 
above. Illumination here is entirely from scattering sources which 


Fig. 4 


(c) 


(d) 
Optical dark-field photomicrographs of 
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accounts for all sectors being visible. Figure 4 (5) illustrates a case where 
one half—on one side of the short diagonal—is much brighter than the other 
(details in the dark side were still visible originally) conveying the non- 
flat-based nature of the crystal. Figure 4(c) is a similar illustration of a 
somewhat distorted pyramid. Figure 4(d) shows again an overall effect 
on a very small pyramidal object. 


Au-Pd shadowed electron micrograph of a monolayer ridged polyethylene 
lozenge. (x 1800.) 


As already stated, the true lozenges used for the present experiments 
showed regular ridges along (130); when examined after drying down. 
The specimen examined here revealed this ridge structure in an unusually 
pronounced form—as seen in the electron micrograph of fig. 5. In part IT 
such ridged structures were interpreted as arising from partial collapse of 
{(311)(110)} pyramids. It was attempted therefore to observe the corres- 
ponding pyramids in the uncollapsed state. The crystals were found to be 
corrugated even when deposited on a liquid substrate and it appeared at this 
stage that by this technique a partial collapse could not be avoided. 
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After this, crystals of the same type were examined in the liquid under the 
optical microscope. By watching the crystals turn in the liquid with phase 
contrast illumination it could be established that contrary to expectations 
the different quadrants of the crystals were definitely co-planar. It could 
further be seen that if additional layers grew out from the monolayer these 
were strongly splaying with respect to the parent layer. This was observed 
in the case of all higher layers whether large and concentric with the parent 
layer or small and situated entirely in a particular sector. Some of these 


Fig. 6 


(a) (b) 


(c) 
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Electron micrograph of a flattened polyethylene lozenge, which had initially a 
pyramidal centre as in fig. 6 (c), showing diffraction contrast. (x 4000.) 


fringes in a half-pyramidal, half-ridged polyethylene lozenge after 
flattening. (x 4000.) 
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splaying effects have already been illustrated elsewhere (Mitsuhashi and 
Keller 1961). Subsequently these crystals were subjected to dark-field 
examination within the liquid. 

The monolayer crystals proved to be eminently suited for this. Figure 6 
shows a group of photographs. Tt is clear that these monolayer crystals 
are corrugated while in the liquid and that they are grossly planar Some- 
times there seems to be a larger scale undulation within which finer corru- 
gations are visible (fig. 6b). It was noticed further that frequently (e.g. 
in fig. 6b) groups of corrugations ending at the obtuse corner of the crystal 
appear to be distinct from the rest. In some crystals the centre is seen 
to be a true pyramid protruding beyond the plane of the rest of the crystal 
asin fig. 6(c). Other dark-ground images in certain preparations revealed 
that some crystals can be corrugated on one side but be pyramidally dished 
with plane sectors on the other side of the short diagonal. Complete 
pyramids were never seen, not even in the liquid, but nearly perfect 
pyramidal shapes with only a very few, in one case only one, change in slope 
along a (130 )s direction could be observed in one particular preparation. 


Fig. 9 


Model of a lozenge w 


ith ridges along «[130](110)» directions. 


Electron-mieroscopic examination of Specimens car 
tely on drying down revealed that nearly all the configurations seen in tl 
liquid could also be directly observed or inferred. E 
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These observations demonstrate that the crystals are more or less corru- 
gated while still in the liquid and do not become so in the course of drying 
down as originally assumed. This is still fully consistent with the postulate 
of those crystals possessing {311}, terminal faces except that these faces 
alternate in sign in any given sector leading to corrugated instead of 
pyramidal crystals. A model of an ideal corrugated crystal with {312}, 
faces is shown by fig. 9. In fact the dark ground observations of such 
corrugated crystals represent the clearest evidence for the {31l\; faces 
postulated originally on indirect evidence, as the planes which are seen to 
intersect along a (130); direction must necessarily be of {311}; type. The 
same argument applied to the banded electron diffraction contrast of 
crystals as in fig. 2 of II. 

In conclusion, the present observations have confirmed directly the 
obliquity of the basal planes of the crystals and have shown that these are of 
the {31l}s type consistent with the non-flat-based pyramidal habit postu- 
lated previously on indirect evidence, the pyramid itself resulting from the 
maximum regularity of this development. A detailed quantitative 
assessment of these observations together with some further relevant 
features is contained in the succeeding paper (IV). 


§ 4. MOLECULAR CONSIDERATIONS 


We now consider the significance of the observed habit in terms of mole- 
cular arrangement. We assume that in the undistorted form of the struc- 
ture the straight segments of the polymer chains are everywhere parallel, 
and therefore parallel to the pyramid axis. We assume that the chains are 
folded in ribbons which lie parallel to the growth faces on which they were 
deposited, so that the ribbons in a (110) sector lie in (110)s planes. The 
structure within the layer is taken to be independent of the morphology 
(apart from minor distortions which must be expected, but are likely to be 
small enough to evade observation with currently available techniques) 
being that ascertained by Bunn (1939) which we now call the sub-cell 
structure. Deviations from the Bunn sub-cell can in fact be observed 
(Bassett et al. 1959, Keller, to be published) but these were found to be 
caused or accentuated by the collapse of the crystals on the substrate and 
need not affect the present argument. The morphology must accordingly 
be attributed to the interactions between the folds at the surface of 
the layer; in short, to the fact that their packing requirements prevent 
them from being all at one level (considering the chain axis, the crystal- 
lographic cs axis, as vertical). We refer to this difference in level between 
all neighbouring pairs of folds briefly as ‘staggering’ of the folds. Excessive 
stagger will increase the surface area, for segments of a given length; thus 
the basic rule determining the habit will be that the stagger between folds is 
sufficient for their packing requirements, but no more. 

Detailed discussion of this matter is complicated by the fact that there 
are at least two relevant points concerning which knowledge is lacking 
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and various alternative possibilities must be considered. One concerns 


the configuration of individual folds, and the second the alternative modes 
of stacking of successive ribbons of folded chain to which attention was 
drawn by Reneker and Geil (1960). We believe that we can justifiably 
leave out of consideration a further conceivable complication, namely the 
intervention of sub cell structures in the interior of a layer other than that of 


Bunn (1939). 


Fig. 10 


Elevation and plan of a trans-eauch 
on al 'ans-g e carbon-carbon bond sequence which w 
E ur distorted is thought to provide the A ET 
or a polyethylene chain fold in {110}. After Frank (to be HUE 


3 A simple way of investigating possible configurations for individual { 
is based on the consideration that every configuration of a i i a a 
ee eee of some particular sequence of trans and Suis pes ie 
dumond m eee ie neighbour-to-neighbour path M the 
Ar ure. One such basie fold configuration is illustrat d i 
g. 10. 8 then necessary to deform this basic confi uration t m 
stem into the correct orientation and Separation for a ae P ao Boreas 
chains m the Bunn structure. Investigation of the E " neighbouring 
shows (E rank, to be published): (1) that with no mor wm uper 
in gauche positions there are some twenty basic 05 A e sence 
mately meeting the requirements (if mirror image do A ur 
counted separately); (2) that while the ona SS Mo 
in fig. 


is probably the best, advantage in energy over any of the other is 
rs may no 
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exceed about 1000 cals /mole ; and (3) that most of them in their unstrained 
diamond-like configuration, and all of them after deformation to fit on to 
the Bunn structure, show left-to-right and front-to-back asymmetry as 
exhibited in fig. 10. The multiplicity of fold configurations of not very 
different energy for one thing provides intermediate states to permit a 
fairly ready conversion of structures: for another, indicates that mutual 
interactions between neighbouring folds may be about as important as the 
intrinsic energy of individual fold configurations in determining which is 
adopted: and for a third, makes it possible that if the mutual interactions 
require it, two or more different fold configurations may possibly occur 
together. The asymmetry in fold configurations, and especially the 
protrusion beyond the projected area of the stems, makes it natural to 
expect that for good packing of the folds the neighbouring ribbons will be 
staggered rather than level with each other; and that associated with the 
stagger between ribbons (to be discussed in the following paper) there will 
also be a stagger between successive folds in the same ribbon. That is to 


say, this asymmetry leads naturally to the observed pyramidally sheared 
habits {(hkl)(110)} with h> k. 
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ABSTRACT 

The obliquity of the fold surfaces of monolayer polyethylene crystals 
was investigated quantitatively. Two crystal types were used: (a) true 
lozenges formed at 76?c (high supercooling) previously observed as corrugated; 
(b) truncated lozenges formed at 90?c (low supercooling) previously observed 
as hollow pyramidal. Quantitative fold surface assessments were made from 
external shapes of uncollapsed crystals as observed in the liquid, from 
morphological features arising from collapse and from diffraction effects— 
x-ray and electron—given by collapsed crystals. The fold surface of (a) 
was found to be {(314)(110)}, while that of (b) ((312)(110)) with 100 sectors 
appropriate for sub-cell continuity. It is found that (b) can be accounted for 
by a preference of the system for one of the two basic modes of regular fold 
stacking along (1105, which preference would be swamped at higher super- 
coolings leading to the fold surface observed for (a). 

In the case of (b) a new unexpected arrangement of sectors was discovered. 
where diametrically opposite sectors are parallel, separated by a region of tho 
form of a curved step along the short diagonal, this ' chair’ form being in 
equal proportion to the hollow pyramids in the same preparation. The 
occurrence of this ‘ chair’ crystal in conjunction with that of the pyramidal 
erystal and the existence of corrugated forms in preparation (a) is taken as 
strong support for rearrangements occurring into more favoured fold 
packings subsequent to the laying down of the folded ribbons in the original act 
of growth. 

A number of further morphological features are described and discussed 
and some new techniques, observations and deductions concerning the collapse 
of crystals when dried down from suspension, are reported. 


$1. PRELIMINARY CONSIDERATIONS 


1.1. Introduction 


Tuts is the fourth paper in a series concerned with the fine structure of 
monolayer crystals of the low-pressure polyethylene Marlex 50. These 
are grown in suspension from supercooled dilute xylene solutions and 
involve the molecules folding themselves regularly, as a ribbon, along the 
growth faces. Parts I and II (Keller 1961, Bassett and Keller 1961) 
inferred that these crystalswerenon-planar, while in suspension, by studying 
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mother liquor and sedimented on a solid substrate. In II, crystallographic 
indices were assigned to the flattened fold surfaces which involved a stag- 
gering of folds both within and between the folded ribbons. It was also 
assumed that all crystals had this fold surface originally, in ihe simple 
configuration of hollow pyramids. III (Bassett, Frank and Keller 1963, 
preceding paper), on the other hand, revealed the non-planarity in sus- 
pension directly and showed that crystals formed at higher temperatures 
were indeed hollow pyramids of the class of fold surface indices proposed 
in IL. Crystals grown at lower temperatures, though having similar fold 
surface indices, were found to reverse the slope of these surfaces 
periodically to form a ridged structure. The concern of this paper is the 
quantitative examination of these two types of crystal as regards their 
external geometry and their molecular orientation, both as grown and 
after sedimentation, using a variety of techniques. We have taken as 
characteristic truncated lozenge hollow pyramids formed at 90°c and 
ridged true lozenges grown at 76°c (Bassett and Keller 1962). 


1.2. Modes of Collapse 

The deduction of the original fold surface indices from those found on 
flattened crystals requires an assessment of the process of collapse. As 
an aid to the discussion of this problem, we shall consider two of the many 
possible mechanisms because of the simple physical processes involved in 
them. For an {(hkl)(110)} hollow pyramid (in the notation of IIT) these 
are : (i) Collapse by shear of molecular chains parallel to cs (which is assumed 
to be everywhere parallel to the pyramid axis) to give a vertical} structure 
with (001); horizontal. The planes of equal shear displacement will be 


{(4k0)(110)}. An important intermediate case similar to that in figs. 
6 and 9 of IIL would be a cry 


stal with roof-ridges along «[EAOl(110 
directions which could then collapse further to i n 


This is in agreement with the disappearance 
down (fig. 1a, b). (ii) Collapse of a hollow 
without plastic deformation so that it lies 
{(hkl)(110)} are horizontal. The necessary r 
have a component about [k0]; to fl 
[001], to match it suitably 
either push up permanent 
to be near to ([h0](110) ) but not necessaril ° er i 

pleats and cracks are found ir See eo 
collapse of pyramids apex dow 
Keller and Mitsuhashi 1963). Colla; i 

é 3). pse of a ridged i 

mechanism would lead to pleats essentially along po] NEUE by this 
necessity of matching across sector boun A Re 
: e situation 
the original fold surface and the final striati i a e en 


d another around 
This process must 


T cf. I for the distinction of oblique and vertical structure 
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A third possibility is that both mechanisms may occur in the same crystal, 
either in adjacent areas or consecutively. The former would lead to 
alternate zones of pleats and smooth areas. In the latter the partial 
collapse by shear would change the fold surface {(hkl)(110)\, e.g. into 
{(hkL)(110)} where L>} (shear still occurring in {hk0}, planes) which then 
could lie flat pushing up the appropriate pleat. 

It will be evident that collapse of a crystal via (i) will leave the molecular 
orientation and the cross-sectional area as seen along the original pyramid 
axis essentially unaltered (the total collapse leaving on observable internal 
feature either), while in the case of(ii), both are affected. ‘This means that 
in the latter case both diffraction conditions and interfacial or interstriation 
angles, if striations are present, will be affected. The diffraction conditions 
in particular are expected to alter differently in the different sectors. No 
changes of these kinds would occur in case (i). In a mixed (i) and (ii) 
collapse, these changes will be either localized to the particular areas where 
(ii) has occurred or will be scaled down in proportion to the shear present if 
both (i) and (ii) occur within the same region. 


1.3. Techniques and their Potentialities 


This section provides only a brief survey ; details are given in conjunction 
with the experimental results in $2. 


1.3.1. The morphology of collapsed crystals 


As previously outlined, striation directions are expected to be simply 
related to the original geometry, especially in the case of ridged crystals. 
These, therefore, provide a good measure of h/k for the fold surfaces. The 
third index | may be deduced from the geometry either of the central tri- 
angular pleat of a crystal (fig. 8 of II) or of crystals folded in two along the 
short crystal diagonal, but this is not a very sensitive measure for structures 
with small staggers. 


1.3.2. Direct observation of uncollapsed crystals 


The optical dark-field technique of III allows the measurement of angles 
in uncollapsed crystals, though from a foreshortened viewpoint. In 
general, the viewing direction can be deduced unambiguously so thata trans- 
formation to the true angles may be made, provided only that sufficient 
of the crystal is visible. This is the main experimental difficulty and is 
nof easily overcome for hollow pyramidal crystals. 


1.3.3. Diffraction effects 


Collapse of crystals by mechanism (ii) leaves the fold surfaces unchanged 
except in orientation; they become parallel to the substrate. Measure- 
ment of the orientation of two non -parallel sets of crystal planes determines 
this orientation uniquely. In practice one may use either x-ray or electron 
diffraction; the former is technically much simpler but in the electron 
microscope the latter can provide more information. 
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X-ray diffraction of sedimented aggregates. Aggregates of crystal 
lamellae all sedimented horizontally give a ‘ fibre diagram’ when the incident 
x-ray beam is in the plane of the specimen; the specimen normal i.e. the 
fold surface normal is the ‘fibre axis’. The fold surface may thus readily 
be determined from the azimuthal position of reflections from at least 
two non-parallel crystal planes. 

Electron diffraction from individual crystals. Different sectors of a 
crystal collapsed via (ii) have different orientations since they have been 
tilted around different directions. In principle the orientation of any one 
sector should be determinable directly from its selected area diffraction 
pattern in its tilted position. In practice, however, the intensity of non- 
zero-layer diffractions is very weak and since the sectors do not have entirely 
uniform orientation after collapse in any case, i.e. all zero-layer reflections 
may be weakly present, diffraction on untilted specimens is not informative 
from this point of view. The orientation relationships can, however, be 
explored if the specimen is tilted and then most conveniently by the 

dark-field technique. This, as is well known, forms an image of the crystal 
with the electrons giving rise to a chosen diffraction spot when those parts 
of the specimen which contribute to this reflection appear bright against a 
dark field. Observation in this way, of a crystal which is progressively 

tilted around a chosen axis, shows that different sectors diffract at different 
tilts. Knowledge of the tilt magnitudes and the tilt-axis for two non- 
parallel planes determines the individual fold surfaces of each sector. This 
technique does not rely on the accuracy of the selection of sectors. 

In principle, both the x-ray and the electron diffraction techniques define 
mon suber full Y; X-rays ensure that the values are fully representative. 

j attor reveals, in addition, the relative orientation of the individual 

sectors. Both techniques, however, have their limitations, which tend to 

limit accuracy. „With X-rays this is the inherent spread of orientation 
produced by sedimentation. For electrons, it is the beam damage which 
in disrupting the crystal lattice reduces the tilt values (see later). 

We must now drawa distinction between t} ; 
initial fold surfaces deduced by mor 


molecular orientation in the flattened fold surfaces given by diffraction 
The two are only related by an assumption concerning the molecular 


orientation in the ori ginal crystals. Wehave i 
tati i made the sim i 
that initially the molecules are ever eee annon 


'ywhere "amid axi 
and when morphological and dI eee e "e Pe 
truncated lozenges, this seems to be justified. There are i srthel : 
crystals where this initial orientation cannot be adopted E ill be 
discussed later. In the hollow pyramids and in ridged cc eee 


there is no reason to Suppose that this assumption is invalid and it i 

implicit in our discussion of them. : 
- STER .$2. Forp SURFACE ASSIGNMENTS 
Extensive investigations have been carried out on the two preparations 

of true and truncated lozenges already referred to. Findings on these two 
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will be described in turn. The Bunn (1939) sub-cell will be assumed in the 
interpretation. Deviations from this sub-cell have been observed (Bassett 
et al. 1959), but these appear to be attributable to the effect of collapse by 
tilt (mechanism (ii)) (Keller, to be published) and will be disregarded for the 
present. 


2.1. Ridged True Lozenges 
2.1.1. The morphology of sedimented crystals: the h and k indices 


Immediately after sedimentation, these crystals show pronounced 
striations in the phase-contrast microscope, presumably due to solvent 
trapped under the ridges (fig. 1a). These soon disappear (fig. 1b) and the 
surface of the resulting crystals is essentially structureless when viewed in 
the electron microscope. This has clearly to be associated with a collapse 
via shear (i), but in diffraction contrast, a regular banding is nevertheless 
evident (fig. 2 of IT) indicating that the molecular orientation is not uniform. 


Ee 


(a) (b) 


Phase-contrast photomicrograph of the same polyethylene lozenge taken (a) 
immediately after sedimentation on a glass slide and (b) 2 hours later. 
( x 600.) 


This disappearance of ridges accounts for the elusiveness of such features 
in the early investigations (Agar et al. 1959) and must surely be taken as 
evidence of a common molecular orientation. A few of the striations 
(one in fig. 1b) are permanent. These are pleats and may be ascribed to 
collapse at least partially by tilt (ii). Clearly any such tilt component 
would modify the angles between the striations, as the angles between them: 
are no longer measured in an (001); surface. 

Table 1 gives the caleulated angles between the traces in alternative 
pyramidal surfaces of several different pairs of planes. ‘These have been 
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caleulated by noting that the trace of one plane in another has = Se ee 
of the vector product of their normals and that the normal to a pla 
(hkl); is along its reciprocal vector [h/a, k/b, l/c]s. 


Shadowed electron micrograph of a ridged polyethylene lozenge with a hollow 
pyramidal centre which was sedimented on glycerine. (x 5300.) 


Table 1. Some interplane angles on three kinds of fold surfaces. The 
Jast column corresponds to the vertical structure. 


Intersecting Type of pyramid 
lane: on amu C ee 
xs (15019) | (312019). | (tor110) 


(100), and (010). 83-5? 90? 
63.5? 56-5? 
33-5? 


(100), and (110); 
(010), and (110); 31° 33° 
(310), and (110) 40-5? 


10). 33° 30° 
(310). and (010).. 71:5? 66:5° 63:5? 


In (001), the semi-angle between ([130](110 striati = 
should be 63-5°: in (312), it should bed e tor 
correctly matched across the long diagonal. Measurement of 37 stri; 
in different crystals gave a mean value of 65-4 +0 
interpreted as indicating that about 15° tilt had occi 


of {310}; surfaces. However, a similar angle is observed 
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diffraction bands of otherwise structureless crystals and between the ridges 
on specimens which have been carbon-coated while on glycerin, and then 
picked up on electron- -microscope grids after dissolving the glycerin in 
water and finally metal shadowed (ae. 2). If we assume that no distortion 
of the angle results from these processes the ratio h/k deduced from this 
angle is approximately 3-2; we nevertheless take it to be 3. 

A further observation is that the {110}; growth faces consistently 
intersect at angles less, often by as much as 5°, than the 67:5? required 
for a vertical structure. This trend is in the same direction as would result 
from.a collapse by tilt (ii), of table 1, but the decrease is too large and should 

rather be attributed to deviations of the growth surfaces “from {110}. 
A deviation of this sign would result if the addition of folded bons 
spread from the tip of the long diagonal. If more ribbons had been started 
here than had been completed at the short diagonal, this would give the 
observed result. 

The assignment of 3: 1 for ^: kis quite definite for the crystals in question. 
Crystals in a number of other preparations obtained at relatively low 
temperatures showed similar morphological features, indicating that 
this assignment might be, to a good approximation, general. More 
accurate examination, however, reveals that these indices, while in the 
same range, need not be exactly identical. The largest deviation was found 
in crystals grown near 80° showing partly pyramidal and partly ridged 
features (fig. 8 of part III). The semi-angle of a striation intersecting along 
the long diagonal was found to be 70-3 + 0-3 for 67 striations. It is clearly 
distinct from the previous case and corresponds to h/k=4-2 on (001). 
If referred to an oblique surface h/k would be smaller, yet by table I it 
would need a very steep pyramid, with at least {311}, surfaces, which are 
outside the range of possibilities by other evidence, to be accounted for by 
the collapse of {311}; facets. 


2.1.2. Dark-field optical observation: the l index 


As described in III, the crystals in question appear corrugated in the 
liquid when examined by dark-field optical technique. This shows that 
they either grow in this form or adopt it later while still in the liquid but 
not when drying down on the substrate. The ridges themselves are too 
small to be used to give a value of / but crystals which also showed a central 
pyramidal protrusion like the one in fig. 3 offered a possibility for the 
determination of l by direct measurement of the apical angle of the pyramid. 
In principle, if the five apices of this central pyramid can be viewed simul- 
taneously, then the lines connecting the four basal ones define as and bs 
and the intersection of these two joined to the fifth apex defines cs. The 
relative orientation of these three directions can be used to solve uniquely 
for the viewing direction which can in turn be used to determine A, k and 1 
from the obser Med edges of the pyramid. A rather easier analysis, however, 
is offered when crystals are viewed in the symmetr y planes either of (010); 
or (100). The angles of intersection of the (1305s striations yield the 
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viewing direction and this plus the angle of the pyramid gives if The 
crystals tend to settle preferentially in the liquid with as horizontal. A 
careful search for crystals which satisfy this condition most closely gave 
for the best five a mean value of l/k as 4-0 + 0-1 with a correction applied for 
small departures of the viewing direction out of the (100), plane. The 
analysis is given in the Appendix. 


Fig. 3 


Optical dark-field micrograph of a crystal as in fig. 2. (x 600.) 


2.1.3. Diffraction effects 


Electron diffraction on individual crystals, and especially the dark-field 
Imaging technique, reveals a diffraction selection between different aie 
The broad diffraction bands in, e.g., the (110) sector diffract int the 110 
and 110 reflections whereas the sharp lines at the band ed es (fi : 2 £ "m 
which correspond to surface ridges where present diffract ae E m 
reflections. This selection is consistent with a Gaby parti liv à p 
(ii) of (31/]s facets but as most of the collapse occurs by te B i m a 
producing the diffraction selection is small in Ee a d eni 
used to estimate l. "The banding itself implies a lbs of sym: $ t Ern E 
opposite sides of the ridges after collapse. een 
Summing up: The ridged true lozenges studied wer 
facets with (314), geometry. The assignment of h{k= 
with the molecular orientation implied by the diffracti 
is, however, no independent 


e found to possess 
3/1 is also consistent 


on selection. There 
support for the 1=4 index from diffraction ; 
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the value is based entirely on external geometry but is thought to be correct 
as a common c; axis orientation is implied by the way ridges disappear by 
shear on collapse. 


2.2. Truncated Lozenges 
These crystals, grown at 90°c, are bounded by {110}, and to a lesser 
extent by (100), prism faces. On sedimenting, it is assumed that they 
collapse largely if not fully by tilt because of their regular geometry. 
Hence the diffraction conditions will be much affected. For this reason 
diffraction effects will be discussed first. 


2.2.1. Diffraction effects 

X-ray examination of sedimented aggregates. With the beam parallel to 
the mats, prepared by sedimentation, a fibre pattern is obtained. If the 
molecules are all parallel to the mat-normal (fibre axis) the AkO reflections 
are equatorial. This is the pattern which is expected if the pyramids 
remain uncollapsed. With the oblique fold surfaces lying flat on collapse 
the lattice will tilt, leading to a molecular tilt with respect to the fibre axis. 
This tilt is revealed by a splitting of the AkO reflections. Observations 
within the accuracy permitted by the arcing are as follows: 200 reflections 
split by 25-30° from the equator. 110 reflections give a broad equatorial 
are consistent with a superposition of two splittings, one broad and one 
narrow. The extreme splits are not more than those of the 200, i.e. they 
are within 30° of the equator. 020 reflections are equatorial arcs with faint 
signs of splitting, which is not more than 20° from the equator. 

In table 2 the tilts of the relevant planes are given in the different sectors, 
calculated for a variety of horizontal fold surfaces. The angular position 
of the reflection can be taken as equal to the tilt of the corresponding planes 
(the correction is negligible compared with the inaccuracy permitted by the 
angular range of the diffracting planes). As seen, the {312}; surfaces give 
the best fit with observation while {523}s, {412}, and perhaps marginally 
{623}, could still be accommodated. Flat-based pyramids are certainly 
excluded, as are fold surfaces with / indices as high as 4 and as low as 1 for 
h/k near to 3. 

Electron diffraction on individual crystals. In collapsing by tilt, the 
(311), fold surface of the (110) sector is rotated about [130]s. The selection 
of diffracting beams in the tilted sector is, therefore, that 110 and 110 
(which are nearly normal to [130],) alone remain in reflecting position. 
The other main reflections are rotated further away from reflecting position 
in the order 020, 200 and 110, so that of them 020 has most chance of 
accidentally reflecting because of local misorientations. In the (100) 
sector, similarly, 020 stays in reflecting position, while 200 is rotated farthest 
away from it and the 110 and 110 reflections somewhatless. (Fornumerical 
values see table 2.) These predictions, which are illustrated in figs. 4, 
5 and 6 (a) are known to be in broad agreement with experiment (Bassett and 
Keller 1961, Niegisch and Swan 1960, Reneker and Geil 1960) in that, in a 
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| 
| Diffraction pattern of a flattened truncated polyethylene lozenge showing 
i 110 (four inner) and 020 (two outer) reflections only. 
| 
4 
Fig. 5 


020 dark-field image of a flattened truncated polyethylene lozenge showing 
parts of the {100} and {110} sectors. Slight tilting sweeps the diffracting 
region through the whole of the {100} sectors, but not through the 
{110} where it is confined essentially to the distorted regions along the 
short diagonal. (x3000.) Figures4 and 5 are correspondingly oriented. 
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diffraction pattern, the 110 diffraction arises mainly from the (110) and 
(110) sectors and 020 from the {100} sectors and, therefore, support our 
f(31))(110); (h01)(100)) truncated lozenge model. 


Fig. 6 


Dark-field electron micrographs of two fl 
"ace $ ro flattened + 
E. (a)-(e) 110, (f)-(g) 200 imaging of do t 
a specimen was tilted around the arrow direction. A as EU b. 
(a ; (0)—-12 » (c) — 227, (d) - 105, (e) 1 209, (f) 125. ( IER pu. 
The ery stal outlines, where not visible on the print ; 7 s Gee text). 
sequently in white. (x 1000.) Riera in sub. 


ated polyethylene 
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We haveobtained more precise information using the dark-field technique. 
A given (hk0); plane will diffract when it is essentially parallel to the beam. 
In our experiments {%k0}s planes which become inclined in the course of 
sedimentation were brought in reflecting position by tilting, the tilt angle 
specifying the orientation except for rotations within the reflecting plane. 
The orientation can be fixed completely by using two non-parallel reflecting 
planes successively. Information about one set of planes is available from 
the diffraction selection in the untilted specimen when, as already referred 
to, 110; and 110, diffract in a (110) sector. Information for a second set 
requires tilting. It is convenient and sometimes essential, for instrumental 
reasons, to tilt along the shortest route. For a given AkO reflection, this 
is around a tilt axis normal to the beam which lies in both (5&0); and the 
fold surface. The required tilt axis could be selected using a special 
specimen holder (Harris and Thompson 1963) in which the grid could be 
rotated in its own plane to bring the chosen direction parallel to the single 
tilt axis available in the Phillips HM.100 electron microscope. Both 
{110}, and {200}, reflections were used. For the 110 reflection, the tilt 
axis giving the minimum tilt is the outer edge of the (110) sector; for the 
200 reflection it is the short diagonal. The procedure was as follows: 
(a) 110 reflection. Using the outer edge of the (110) sector as tilt axis 
(110) and (110) sectors appeared bright at zero tilt (fig. 6a). The 
other sectors became bright at the appropriate tilt angles. 


= 
e 
wa 


200 reflection. Crystals were tilted around the short diagonal until 
200 reflections appeared in the diffraction pattern. They were then 
imaged through 200 and their appearance at different tilts investi- 
gated. 


To relate the measured fold surface to the original, a regular collapse 
by tilt is assumed. For this reason only those crystals manifestly satis- 
fying this condition, i.e. with a regular characteristic central pleat, were 
chosen for examination. A slow sedimentation produced these in greatest 
number. A further restriction on the observations was the damaging effect 
of the electron beam which had to be minimized. Besides destroying the 
crystallinity, this tended to remove the distinction between sectors by 
bringing the molecules parallel overall (II), i.e. it reduced the tilt values. 
The effect of this could be assessed by repetition of readings after a series 
or by observing the rate of decrease with time in a given sector. In this 
way a convenient rule of thumb was found to be the maintenance of the 
Bragg fringe pattern within a sector. Once this had changed, in the zero 
position after a series of tilts, the damage was no longer small. 

The results obtained from regular crystals in which the beam damage 
was small were: 

110 reflection in the (110) sector tilted 20-26? out of the specimen plane. 
110 reflection in the (100) sector tilted 10—14? out of the specimen plane. 
200 reflection in the (110) sector tilted 20-26? out of the specimen plane. 
200 reflection in the (100) sector tilted 20—26? out of the specimen plane. 


P.M. k 65 
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Comparison with table 2 shows again that {(312)(110)} surfaces have the 
best fit, with the corresponding ((A01)(100)) planes which give a continuous 
sub-cell structure in the crystal. In the limit of a very small {100} sector 
these are (302), planes. The acceptable limits of indices near to {312}, 
are within (623),, {313}s, {212}; and (412),. These results are in agreement 
with the x-ray ones, but in addition, the erystals were found to fall into 
two groups in the way sectors were related to each other. 

(1) In a 32 crystal sample, 16 crystals behaved as expected for tilt- 
collapsed hollow pyramids in that for tilt around the (110) sector edge with 
a 110 dark-field image, for one sense of tilt the (110) and (100) sectors lit 
up at appropriate values. The diametrically opposite lit up at the same 
tilts made in the opposite sense. Further, imaging through 200, with 
tilting around bs, showed one-half of the crystal across the short diagonal 
diffracting for each sense of tilt, there being a 1-3? difference between the 
appropriate {110} and {100} sectors, the latter diffracting at slightly larger 
tilts (fig. 7c, d). 


Fig. 7 


Dark-field electron micrographs with 200 im 


polyethylene crystals. The pairs (a)-(b), and 
crystals. The Specimens were tilted aa of two different 
Amounts of tilt: (a)--20*, (b)4+23° (c) 4- amow direction. 
The crystal outlines, where not visible on 
quently in white. (x 1500.) 


aging of flattened truncated 
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(2) In the other 16 crystals, the same tilt values were found for sectors 
to diffract as in (1) but there was no symmetry for reversal of the sense of 
tilt. Whenever previously the (110) or (100) sector appeared bright for a 
particular sense of tilt, now the (110) and (100) appeared also, i.e. opposite 
sectors appeared bright at the same time. In the opposite sense of tilt, 
the crystal remained dark. With a 200 selection and tilt around bg, the 
whole crystal became bright in the appropriate tilting range, about 1-3° 
larger tilt being required for the {100}; than for the {110}; sectors 
(fig. 7 a, b). 

All these effects are illustrated by fig. 6. Here crystals A and B are of 
types (1) and (2) respectively and provide a convenient illustration of their 
diffraction conditions. The two crystals accidentally have one (110), 
direction approximately in common, which, with reference to fig. 6 (a) 
is [110], for A and [110], for B. Figure 6 (a) is the untilted position, in 
which with dark-field selection of the common {110}, reflection, the selection 
of sectors diffracting is that already discussed. (As the initial orientation of 
the two crystals with respect to the beam is not quite identical, a very slight 
change of tilt makes the appropriate sectors of B diffract as strongly and as 
uniformly as those of A are doing in fig. 6a.) Tilting around the common 
(1105, through —12° and — 22? (+and — represent clockwise and anti- 
clockwise rotation respectively when looking along the arrow denoting the 
tilt axis) makes the (100) (fig. 66) and (110) sectors of A (fig. 6c) bright 
respectively, but no diffraction is produced in B until the sense of tilt is 
reversed. Then, at +10° (fig. 6d) the two {100} sectors of B and the 
(100) of A diffract as do the (110) and (110) sectors of B and the (110) of A 
at + 20° (fig. 6e). 

The 200 images of the same crystals A and B are obtained after rotating 
around the respective bs directions. In fig. 6(f), for — 12? tilt around bs 
of B, all {110} sectors of B diffract except for a central region. Conversely 
in fig. 6 (g), a tilt of — 12° around bs of A brings only (110) and (TIO) sectors 
into 200 diffracting position. In B, for which the 110 or 110 reflection is 
selected simultaneously with 200 or 200 for A, the (110).and (110) sectors 
diffract. The tilt values for fig. 6 (f) and (g) are much lower than expected 
from table 2, since after the lengthy manipulations required, while taking 
the preceding photographs and then changing the selection and tilt axis, 
the electron beam has reduced the obliquity of the structure considerably. 
Nevertheless, the qualitative difference between the crystal types is 
maintained. In detail it is found that the obliquity of the {110} sector 
structure is reduced more quickly than that of the {100} sectors. Conse- 
quently the angular rotation between diffracting positions of (100) and 
(110) sectors is maintained or increased for 200 imaging, but is reduced or 
eliminated for 110 imaging (table 2). 

A more complete illustration of 200 imaging on two other crystals not 
yet affected by beam damage is given in fig. 7. Figure 7 (a), (b) is for +20 
and + 23° tilt around b; respectively for a type (2) erystal. Conversely, 
fig. 7(c), (d) shows a type (1) crystal at 4-199 and — 22° tilt around bs. 
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The difference of selection between {100} and {110} sectors is present in 
both crystals and there is also a central discontinuity in fig. 7 (a). 
As already pointed out, type (1) crystals behave as expected for tilt- 
collapsed hollow pyramids. The orientation of type (2) crystals can be 
described by considering the flattened crystal as consisting of two halves 
across the short diagonal. One half has the orientation of a pyramid which 
has flattened apex down, the other apex up. Fold surface indices of one 
such crystal would be (312)(110), (h07)(100), (312)(110), (3 12)(110), (201)(100), 
and (312)(110). Clearly these could never have joined with a common cs 
orientation and there must therefore be large sub-cell misorientations along 
the sector boundaries, especially the short diagonal. While in their 
flattened state these crystals are morphologically indistinguishable from 
collapsed pyramids, in diffraction they do in fact show a region about the 
short diagonal which has the same sense of tilt but of about 10° less 
magnitude than the corresponding sector parts have in the rest of the 
erystal. Whereas, quite often in these investigations, a crystal sector 
does not diffract uniformly but is swept through by a Bragg fringe within 
2 or 3° of rotation implying a slight non-uniformity or orientation, this 
particular discontinuity is distinctly larger and probably arises in a 
different way. The region is shown in fig. 6(f) and 7 (a). 

To summarize: all the diffraction results have indicated fold surfaces 
near to {(312)(110)} for the individual {110} sectors with the {100} sectors 
paving the appropriate geometry for a continuous sub-cell structure. 
There are, however, two ways in which sectors can join across the short 
diagonal, only one of which corresponds to an original hollow pyramid. 


2.2.2. Dark-field optical microscopy 


: Mese observations revealed hollow pyramids which were clearly non- 
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In the isolated cases where the full crystal could be seen from projections 
permitting measurements of meaningful accuracy, the crystals were in 
special positions. This simplifies the analysis but requires some assumption 
about the crystals. The assumption that the growth faces are {110}, and 
£100}; can be made (which is probably a better one for the slowly grown 
erystals than for the ridged crystals), which permits some rough analysis 
to be made, as outlined in the Appendix. 


Fig. 8 


Optical dark-field micrograph of the ‘chair’ type of truncated polyethylene 
crystal. (x 2500.) oie e 


The results for one crystal are shown in table 4 where //k and h/l are 
tabulated for the range of parameters which the rather inaccurate knowledge 
of the viewing direction could allow. The fold surface {312}. is wel Sus: 
this range, while {11]}s, (314), or (311), are not. Two other crystals 
examined after setting in Canada balsam, one viewed nearly along as 
the other along bs, gave similar results. On the whole. therefore o e 
say that direct visual observations on uncol lapsed truncated lozengecuaaials 
are compatible with a {312}, fold surface in their {110} sectors “Salish the 
accuracy of the measurement. This is an important point, since when 
considered together with the diffraction evidence, it confirms that collapse 
to give a central pleat does not change the fold surface, i.e. it is essentially by 


tilt (ii), and it justifies the assumption of a common molecular orientation 
in the pyramids. 
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Table 3. Results of the light optical fold surface index determination 
on five corrugated crystals with central pyramids (see text) 


E x 

PA |l/k|(1 + 0:007 €?) 
Crystal po. UE e ; = 
TS h=3-15 h=3 h=3-15 

] 44-5 77 3:9 4] 2 4-0 4-2 

3 42-7 76-5 39:8 4-0 2 3-9 4:2 

3 48-0 76 34 3T 5 4-0 4-3 

4 53:5 11-5 3-4 3-7 6 4:3 4-6 

5 48:5 77 3:7 3:0 2 3:8 4-0 


Table 4. Results of the light optical fold surface index determination 
on a particular pyramidal truncated lozenge (see text) 


Iun 
f rilo hil 
pE erro hi Hille 
59 2-6 33 1:9: el TER 
62 2-3 2-9 1-45 1:55 
65 2-0 2.5 1-7 L7 
71 1:5 1-9 2.9 2.9 
74 1-2 1-6 2-7 2.6 


2.2.3. Morphological features 
When a hollow pyramid collapses purely bv tilt (31 iveei 
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This is the complement of the {110}; quadrant angle at ae : a ope 
and is calculated as 2-0°, 6:57, 8:5? and 19° for (314) D ee 
(311); facets respectively. It is clear that the eaei ts DE E. 
best agreement with (312). Indeed, the whole pun pao rn 
over true lozenge in fig. 3 of Reneker and Geil (1960 PE red 
{(312)(110)} geometry. ) agrees well with 

It is found that the pleat angle is ind ; i 

sector (cf. also fig. 2 of Niegisch Sad e e T 
Keller (1962)) at least to a {100} sector angle of 25° 
sistent with a collapse purely by tilt and needs furth 
shall give later. This does not apply to E oui 


e of truncated. 
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Except for their characteristic pleat, truncated lozenges sedimented 
on a solid surface rarely show marked internal structure. Occasionally a 
few striations of somewhat indeterminate direction (lying between [110], 
and [010], in the (110) sector) have been observed (IL; Keller and Bassett 
1960) in broad agreement with a non-flat-based pyramid. A very marked 
surface structure is, however, obtained by sedimentation on glycerine. 
Figure 9 shows two crystals; the right one with an incipient b; pleat 
possibly corresponds to the new chair-shaped crystals, the left one has a 
central pyramidal protrusion surrounded by well defined striations near to 
([120](110); [010](100)) directions. If the outer region were flat and the 
central pyramid undistorted, this would indicate a {(21/)(110): (h0l)(100)} 


Fig. 9 


Two polyethylene truncated crystals sedimented on glycerine. Shadowed 
electron micrograph. (x 6400.) 


structure, but neither of these conditions is true. The curvature of 
the {100} sector boundaries is clearly due to pleating along b, in these 
sectors with a crowding of pleats towards the centre, thus shortening the 
long diagonal unequally along its length. This shortening would also 
move (130), directions towards (120), in the {110} sectors. Calculation 
shows that the observed curvature of the {100} sector boundaries is 
sufficient to account quantitatively for this distortion of striation direc- 
tions, i.e. the pyramid could have had {(312)(110)} facets initially. 

To summarize: the evidence shows that there is no unique pyramidal 
configuration for non-planar polyethylene crystals. The truncated 
lozenge hollow pyramids have been shown to have {(312)(110)} facets with 
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à common c, orientation both by diffraction and geometrical evidence. 
On the other hand, the geometry of the facets in ridged true lozenges 1s 
(314. While no separate diffraction information on the molecular 
orientation is available, the collapse by shear implies that the fold surface 
is also {314}s. 


$3. ADDITIONAL MORPHOLOGICAL OBSERVATIONS 


3.1. The Effect of Temperature 

It has been reported previously (II; Keller and Bassett 1960, Bassett 
and Keller 1962) that truncated lozenges, after being heated in suspension, 
reveal narrow broadly spaced ridges on drying down (fig. 10). This is a 
transient feature and does not appear when the suspension has been kept 
for a few hours after the heat treatment. In the {110} sectors, these 
striations intersect the growth faces in angles of 32° to 40°, mostly between 
36° to 40°. As the traces of (310); and (110); intersect at 30° on (001)s, 


Fig. 10 


Detail of a truncated polyethylene crystal annealed at 94° 


Shadowed electron micrograph, (x 7300) "ene Suspension. 


33° on (312), and 40:5? on (311), table 1 i i 

striations is that the original e unn = ew 
steeper one, near to ((311)(110)) which then collapsed sli MN ie 
(producing the ridges) and then by tilt. (An increase of h/k o al a M 
Both interpretations are consistent with observations that = posible) 
not seen in optical dark field. whi ee ions were 


ge le the pyramids appearec x 
although direct measurements were not possible. p Be dry 
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[n the case of ridged true lozenges, the corrugations were not permanent 
inalleases. One of our preparations appeared structureless after standing 
for over a year. However, on annealing at 70° in suspension for one hour, 
visible striations developed, though not so many as in crystals newly grown 
at 70°C. 

All these observations indicate that corrugated texture may develop 
or at least alter, while the crystals are annealed in suspension, showing 
that both the textural scale and obliquity of the structure may be influenced 
by temperature. This is analogous to observations on paraffins (I). It is 
also in line with the interpretation of low-angle x-ray results on mats of 
sedimented truncated lozenges which, when annealed dry, show a decrease of 
long period attributed to just such an effect. (Baltá et al. 1963.) 


3.2. The Effect of Sedimentation 
Previous sections have shown how the observed morphology of crystals 
is dependent on the method of sedimentation from suspension In this 
section we shall stress the trends of behaviour and suggest some of the 
mechanisms which may be involved. : 


3.2.1. Ridged true lozenges 


The ridged morphology is often found almost fully preserved, with the 
exception of a few pleats here and there, in crystals sedimented on gl ycerine. 
(fig. 2.) Diffraction effects (fig. 11) do show, though, that even here some 
deformation may have occurred as fine striations are found close to 
([410](110)) directions, i.e. 10° away from the long diagonal towards the 
growth face in a {110} sector. There is no obvious corresponding surface 
morphology, yet other crystals in the same preparation had the most 
distorted morphology of any, with a maze of small pleats, along as, bs and 
at 45° to these, besides the usual (130), directions. 

Earlier observations (II) on the remnants of ridges were made on crystals 
placed as a drying suspension in an evaporating set for the rapid evapora- 
tion of carbon onto it. It is the early evaporation which leaves the struc- 
ture of characteristic flat zones, corresponding to the diffraction bands 
(fig. 2 of IL) separated by small ridges or pleats, the whole crossed by a 
secondary striation, in the range of directions between ([230](110)) and 
([120](110)), most markedly across the (130), ridges and near the crystal 
centre (fig. 12). The flat zones were originally ridge sides while the new 
(13055 striations mark the original ridge crests and troughs. No distinc- 
tion has been found to denote which was crest and which trough. 

The existence of pleats shows that some tilt occurred in the collapse, 
which may account both for the banded diffraction and the secondary 
striations. For ridge sides to tilt and still match perfectly across the long 
diagonal requires a rotation of the ridges nearer to bs and a relative move- 
ment of one ridge side with respect to the other. In these circumstances, 
the ridges will probably deform plastically, of which process the secondary 
striations may beasign. Where a ridge has to match across both diagonals 
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Dark-field electron micrographs of polyethylene lozenges 
t sedimented on glyce- 
rine taken through 200 of A and the nearby 110 of B. (x 1500) « Er 


Fig. 12 


Fine structure of a polyethylene lozenge sedimented om 
glass. 


electron micrograph. (x 8000.) Shadowed 
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this matching would be especially severe and more deformation, i.e. 
more secondary striations would be expected, as is the case. The banded 
diffraction. contrast, which is not nearly so marked with ridges preserved 
using glycerine, itself requires a misorientation between collapsed ridge 
sides of 1° in the vertical plane containing the ridge length (Agar et al. 
1959). This may either be inherent, as in paraffins (I), or have been caused 
by the collapse. 

Unhindered collapse on a solid surface usually leaves apparently struc- 
tureless crystals. With low-angle shadowing this has occasionally been 
revealed as a barely perceptible, very shallow ridging. It is possibly due to 
the lateral bulkiness of folds in a vertical structure, and may perhaps 
underlie the banded diffraction which occurs here also. 


Collapse on glycerine yields a multiplicity of surface structure, sometimes 
with a non-flat-based central pyramid (fig. 9). The (410); striations 
are prominent, though in truncated lozenges they were not previously 
unknown, occurring, e.g., after annealing in suspension (fig. 29 of Keller and 
Bassett 1960). With a solid surface plus rapid evaporation, regular bs 
ridges may be observed in the (100) sectors (fig. 7 of II). Otherwise the 
characteristic central pleat (or pleats) appear, usually along bs. The 
development of this feature could be followed on crystals adhering to the 
cover-glass while examining crystals in suspension with optical microscopy 


Fig. 13 


Phase-contrast photomicrograph of polyethylene truncated crystals during 
sedimentation on glass. (x 670.) 
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either in ordinary bright field, or rather 
13. 

iagonal in bright 
covering a large 
into the 
sin the 


(Mitsuhashi and Keller 1961) 
better with phase-contrast illumination as shown by fig. 
As a rule, a pronounced band appeared along the short d 
or dark contrast (fig. 13), initially broad and irregular, | 
part of the crystal, but becoming gradually narrower and coalescing 
central pleat. Simultaneously, there was a sharp banding along b 
{100} sectors and, more erratically, various ill-defined striations in the 
{110} sectors. ‘The effect has clearly to be associated with some pinning 
of the basal apices. The contrast itself results from solvent becoming 
trapped under the crystal adhering to the glass and receding gradually on. 
evaporation as the crystal flattens. The parts of the crystal which have 
liquid beneath them act as prisms, deviating light away from or into objec- 
tive or phase-plate, thereby producing dark or light contrast respectively. 


3.2.3. Some comments on crystal collapse 
The two variables which have most effect on collapse are the external 
air pressure and the nature of the substrate. The observations on truncated 
lozenges (fig. 13) show that a solid substrate pins the {100}; faces in some 
way, as a consequence of which the crystal folds over along the short 
diagonal. Ifit leads to a regular central pleat, the {110}sectors must rotate 
around cs in order to maintain the continuity of the crystal. This angle of 
the pleat produced is a measure of the obliquity of the fold surface, as 
already referred to. This rotation of sectors should also become apparent 
from the diffraction pattern, and in fact the azimuthal displacements of 
110 and 200 reflections corresponding to this rotation can be observed 
(for details, Keller to be published). It must be pointed out, however 
that a rigid pinning is incompatible with collapse by tilt (ii) in which the 
horizontal separation of the (100). faces must increase. A collapse by 
tilt also requires the central pleat angle to vary with the size of the £100} 
sector (for a {(312)(110); (A07)(100)) truncated lozenge of continuous ab- 
cell structure it should be 13-5° for a {100} sector angle of 19° (Bassett 1961)) 
As this is not observed, one must suppose plastic deforma f 
This is clearly shown in fig. 13, where the {100 
distorta: Syon the folded-over crystal (bottom left) which has the least 
constraints. ‘The sense of the plastic deformation required to reduce tl 
central pleat angle and to change the (110). face intersecti iu m 
observed 72° from the anticipated 80° (Bassett 1961) is a a x m 
the {100} sectors. or deformation of the {110} sectors in thei 2 ere e 
The latter would be required by the observed geometry if ^ E nene 
were assumed and by the observed {100} sector un m E pe 
overall sub-cell continuity. The deformation must be uos Ee 
the sectors since the fold surface is not chan Vase cue piene of 
à ged by the collapse Dro 
Such a deformation could (a) change the sector shape wi DR 
distortion or, (b) distort both sector and lattice. Baders j 5 EC 
both effects. The ghost images of Bragg fringes (Agar et us Wes r 
e 0e fr : > - 1959) are 
often rotated 10? from the normal to {110}, faces, implying a distortion 


ation to occur. 
} sectors are especially 
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of shape with respect to the lattice. Secondly, after collapse, a sheared 
sub-cell is indicated by electron diffraction patterns (Keller unpublished). 
Deformation might be expected to be more complex on glycerine where 
the liquid surface is unable to sustain the shearing force required to 
produce the regular pleat. In these conditions (4105, striations become 
very prominent. It is suggested they may be slip lines in the crystals. 
A further feature of glycerine collapse, showing a continuity with ridged 
crystals, is found in the late stages of diffraction (fig. 14), showing zones 
very similar to, e.g. fig. 8 of III. 
Fig. 14 


Bragg fringes revealing fine structure in a truncated polyethylene crystal sedi- 
mented on glycerine. (x 4800.) 


The collapse by shear of ridged lozenges instead of by tilt may be attribu- 
ted primarily to the stiffening which the ridging itself ensures. "The crystal 
is less flexible for a collapse by tilt to occur. On glycerine, without the 
additional rigidity of substrate surface, collapse by tilt may occur more 
easily and one might anticipate greater crystal distortion. The simulta- 
neous maintenance of ridges in this case probably indicates the role of air 
pressure in flattening. Ifthe evaporating xylene leaves a region of reduced 
pressure under a crystal, air pressure will crush it on a solid substrate. 
Glycerine, on the other hand, will fill the space itself and so avoid full 
collapse. A 

In the preserved ridged structures, very frequently the ridges match well 
only across the long diagonal and not across the short where many secondary 
ridges are seen (fig. 15). This confirms a conclusion reached from the 
200 dark field images of collapsed crystals where the diffraction contours 
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i E 'k-field, in both 
do not, in general, cross the short diagonal. In 200 dark -field 
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d } l V l nic l trun e I 


i atter, only one 
discontinuous solely across the short diagonal. n pe 2 ds 
half of the crystal diffracts at one time while s the es uum 
curvature itself intervenes between the Er Meu es E 

‘learly the ice tinuity acro: ag 
g)and 7). Clearly the lattice con À i 
D a the short is a basic feature of polyethylene crystals 


Fig. 15 


Detail of a ridged polyethylene lozenge sedimented on glycerine showing the 
much better matching of ridges across the lon 
short. Shadowed electron mi 


g diagonal than across the 
crograph, (x 12000.) 

$4. Discussion 
Two principal aspects of the results will be 


discussed. Firstly and prin- 
cipally, the existence of at least two different fold surfaces which has 
emerged; secondly the different three-dime 


nsional forms in which these 
surfaces appear. 
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4.1. The Existence of Different Fold Surfaces 

The two fold surfaces are {314}, and {312}, formed at high and low super- 
coolings respectively. While the indices are exact only within the limits 
already discussed, there is little doubt that h/k is in the same range while 
h[l or k/l, differ greatly. This means that the direction of inclination of the 
molecules (cs) with respect to the fold surface is the same in both surfaces, 
while the amount of inclination is very different for the two. In terms of 
fold staggering, this means that there is a relation between the staggering 
within and between folded ribbons, the ratio of the two being approximately 
constant, in spite of large variations in each individually. 

To account for the observed facts, the consideration of fold staggering 
given in III needs extending. There the folds were found to have the 
following three properties: (1) they can take up a multiplicity of configu- 
rations; (2) these configurations are all asymmetric; and (3) they protrude 
beyond the projected area of the stems. ‘These were the reasons causing 
them to pack in obliqueways, which are qualitatively of the kinds observed. 
To go beyond this, the stacking between ribbons has to be specified. 

In a (110); growth sector, alternate straight chain segments (or ' stems") 
in the ribbon formed by folding one chain molecule are at corner and centre 
positions in the Bunn unit cell. There are two alternative positions: one 


. such that each corner stem, together with its attached folds, makes a long 


S or integral sign | as seen from the growth centre of the crystal, the 
other such that it makes the mirror image of this. Let these two positions 
be called + and — respectively. When successive ribbons stack against 
each other, these positions may (a) repeat or (b) change. Reneker and 
Geil (1960) drew attention to these alternatives but considered only the two 
possibilities of uniform (a) stacking or uniform (b) stacking. These lead to 
the sequences +++... which we call RGI, — — —... which we call 
RGT and + — + —... which we call RGII (fig. 16). Reneker and Geil did 
not distinguish between RGI and RGI’. They are the same structure 
with a rotation of 180° between them: but ina particular crystal sector it is 
necessary to distinguish them. In (a) stackings, the translation from one 
fold to a neighbouring fold in the adjacent ribbon lies in (100)s, while in 


. (b) stackings it lies in (110); (for the (110); sector). 


A possibility not considered by Reneker and Geil is a mixture of (a) and 
(b) stackings, either a regular one such as +a+b—a—b+a+b..., or & 
random or quasi-random sequence. One may safely presume that a 
regular stacking structure, most probably either RGI (or I’) or RGII 
corresponds to the lowest free energy (since the configurational entropy 
from random stacking, kIn 2 per polymer molecule, is small): but polymer 
crystals are grown under substantial supercooling and not necessarily 
in the state of lowest free energy. According to the theory of polymer 
crystallization kinetics of Frank and Tosi (1961), the fold segments are of 
uneven length as first grown into the crystal, and become more uniform 
by subsequent adjustment: if so, the interactions between neighbouring 


` folds, which must be the source of the difference in free energy between one 
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stacking structure and another, are not fully present during the Ed 
process in which the stacking structure is determined. Hence we m 

regard non-regular stacking structures as rather likely, with a range es 
possibilities extending from a few stacking faults in an otherwise regular 
structure to a completely random mixture of (a) and (b) stackings. The 
conditions favouring regularity, if it is attainable, would be expected to be 
growth under the least degree of supercooling. 


Fig. 16 


(a) mm RGI 
(ttt 

(b) 4 mel | RGI' 
ENN 
[o e 

(c) 


Ribbon stacking structures, RG I, RGT 
Folds are indicated convention. 
at the same Z level, without att 
Continuous thin lines are folds 


and RG II, shown in 
ally by straight lines connecting atoms 
e ie o their actual geometry. 
Con | at the top surface and brol ines folds 
Lu E uu or a iit Numbers appearing ee NS 
“sium are relative Z co-ordinates for the te i 

{ENON Ghee " the tops of stems for the 
{ } jue layer structure. The br: 

changed by an integer throughout (e.g. bo dans De EN 


n : ee addir 
without changing the significance of the diagram iral of them) 
gram, 


€, projection. 


Concerning molecular motions which can occur within the crystal 
H Ib ani x > B . if 
may distinguish three kinds, Longitudinal displacements of aed val 
RO ants 7 ste rj 3 1 2 
segments by steps of 3c, (with 180° rotation), by which fold lengths B nd 
nd 
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heights can be readjusted, should occur fairly easily. Cooperative rota- 

tions of all segments through + 82°, bringing cell-centring segments into 

the orientation of cell-corner segments and vice versa, which would convert 

an RGI stacking structure into RGT’ or conversely, would be expected to 

occur under stress, by migration of a twin boundary between RG I and RGT 

regions, since these could be twins of each other. The motions required to 
change one stacking structure into another (except for this RGI-RGI' 
inter-conversion) would be crystallographic slip involving dislocations of 
rather large Burgers vectors, of the form $ (111); for the (110); sector. A 
rather large stress or thermodynamic driving force would be required for this 
motion, supposing a sufficient number of such dislocations to be present 
which does not seem likely. Ifthe motion occurred under stress, a visible 
change of microscopic shape would accompany the change. We believe 
that such an interconversion of stacking structures does not occur under the 
conditions to which our crystals are subjected. 

Let us now consider the observed obliquity of crystal structure in the light 
of various assumptions regarding the ribbon stacking, taking in turn the 
assumptions of RGI, RGII and mixed stacking. 

RGI is the only ribbon stacking structure which permits all folds to be 
equivalent in configuration and environment. Its symmetry implies a 
definite preferred direction of shear (from an imagined initial ‘vertical’ 
structure, i.e. one in which the chain segments are normal to the crystal 
layer), if this equivalence is realized on both top and bottom surfaces of the 
layer, which requires an even number of methylene groups in each stem 
segment. This ribbon stacking would thus lead naturally to a pyramidal 
configuration of the form {(hkl)(110)}, and we have remarked above that 
consideration of individual fold geometries accounts naturally for non- 
equality of h and k, i.e. for stagger within the ribbon accompanying stagger 
between ribbons. However, equivalence of all folds requires A/l and kfl 
to be integers. With h:k=3:1 this would require (hkl),=(311)s, or a still 
steeper pyramid, whereas the observed steepness corresponds to 
(hkl) =(312);, orlessthan this, corresponding to (314)s. The equivalence ofall 
foldsisthusexcluded. This fact does not exclude RGI, but at least deprives 
it of what could have been taken as the principal reason for it being a 
preferred structure. A further difficulty arises with RG I if we suppose any 
stacking faults to be present (i.e. occasional (b) stackings): for we then have 
stacking sequences +a@+a+a+b—a—a—a-... making equal areas of 
RGI and RGT’, unless the (b) stackings always occur in pairs, for which 
there is no apparent reason. The most natural consequence of this would 
appear to be equal and opposite shears in RGI and RGT areas, with no 
resultant macroscopic shear at all. The observations may still be accoun- 
ted for on the assumption that either the RGIorthe RG I’ areas achieve their 
desired shear (to (hkl),— (311), or (311), respectively) while the others 
remain flat. 

RG II requires at least two different kinds of fold to be present (without 
appeal to the observed pyramidal obliquity). Assuming they could have 
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the same geometry, they would still lie at different levels in the surface 
in alternate ribbons, in a hypothetical vertical structure. The unit cell 
is twice as large in the as and b; directions as the Bunn cell, and four ribbons 
pass through, two being crystallographically distinguishable from the other 
two. The ribbon-stacking symmetry provides no preferred direction of 
shear, but in conjunction with the steric requirements of folds, which pro- 
trude beyond the projected areas of their stems, asks for a shear in either 
one direction or the other. Since now only alternate pairs of ribbons can 
correspond (Al), — (312) is compatible with preservation of the maximum 
possible equivalence of folds. In fig. 16 (c) the stem-tops are labelled for 
height (in multiples of cs) according to the pyramidal configuration 
{(312)(110)}: folds connecting these stem-tops are represented arbitrarily 
by straight lines, without any attempt to represent their geometry, but 
there may well be two different fold configurations (as they certainly differ 
in environment) on alternate ribbons at each surface: if so, either the folds 
at the top and bottom edges of one ribbon are alike, and different from those 
of the next ribbon, or each ribbon has different fold configurations at 
opposite edges. 'l'o provide space for a lateral protrusion of the folds (with- 
out which they are in a more highly strained configuration) it is necessary 
for successive ribbons to have vertical displacements from each other 
continuously in one direction or its reverse. It is clear that while either 
sense of shear is possible, its reversal between one region and another must 
deprive certain folds of their protrusion space. Thus the boundary 
between two regions of opposite shear is one of poor packing and higher 
energy, so that uniform shear is favoured. 

Stacking faults, i.e. occasional (a+) or (a—) stackings, as in a sequence 
+b—b+b—a—b+b—... make no special difficulty in this case, as they 
cause no reversal of a preferred direction of shearin the RGIl regions. Going 
to the extreme of fully random stacking, the structure can be regarded as a 
patchwork with one quarter of the area RG I, one quarter RGT and one 
half RG II. With these proportions, it is likely that the continuity of RG IT 
would es to determine a uniform sense of shear throughout the RG TI 
SOT, f Cree 
S rm ae La RG rione made opposte shears, the nc 
ee o. : e hear, alving the gradient and so bringing 
ihe structure: to (314)(110)). The flattening could possibly go rather 
further than this, by reason of reverse shear in some isol E i 2: 
RGII. The observations ar : : E ated patches of 

A S are consistent Ji . 

E à with this interpretation, measure- 

ments in close agreement with {(312)(110)} havi 

n i M WON) } having been made on crystals 
grown with least supercooling, while specimens prepared at hicher 7 
cooling are definitely inconsistent with (312), and a A ats A icm 
Thus the moststraightforward and completeinterpretation UE ed 
facts is obtained on the assumption that (b) stacking is preferred served 
RGII the preferred stacking structure, while ince A pue 
introduces an increasing proportion of (a) stacking. supereooling 
: Electron diffraction evidence lends some support to this, since the doub- 
ling of the unit cell dimensions a, and bg brought about by the RG II stackin g 
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structure would explain the appearance of the ‘forbidden’ reflections 
100 and 010. However, this evidence is inconclusive as they have also 
been observed with paraffin crystals and accounted for (Cowley et al. 1951) 
by indirect excitation (e.g. hkl followed by +1, k,l diffraction to produce 
100): but their intensity with polyethylene crystals is sufficient to cast: 
some doubt on this explanation. 


aE SEE EE" 


ASS 


4.2. On the Relation of Sectors within a Crystal 


We have observed three kinds of crystal habit formed by fold surfaces 
of the same general type, but in different combinations. These are corru- 
gated, pyramidal and the new chair forms. Corrugated forms were 
previously regarded (II) as intermediate states of pyramidal collapse. 
Their presence in suspension, as found in III, was therefore unexpected, 
since they are too widespread to be attributable to partial collapse of pyra- 
mids at an interface and especially as different non-planar habits are 
characteristic of different preparations. In any case, pyramids were 
never seen to collapse via corrugated forms; even when forming the central 
part of a corrugated crystal they collapse to central pleats. Accordingly, 
ridged crystals must arise spontaneously while within the liquid. The 
obvious suggestion is that they grew in this way. If so, the fold surfaces 
would change sign periodically during growth, starting at the acute tips, 
with a chance of mis-matching when the ridges meet along the short diagonal 
(fig. 15). This hypothesis does not in itself explain why periodic reversals 
of fold staggering occur, but given that they do, it predicts a discontinuity 
across the short diagonal as observed. 
| The alternative suggestion is that the observed structure is the result of 
an isothermal secondary rearrangement after the primary growth process. 
This is the most plausible mechanism to account for the new chair crystals 
and the observations on annealing in suspension. It has also been used to 
explain some low-angle x-ray results (Baltá et al. 1963). The chair 
crystals have {312}; fold surfaces in which the sign of the h/l index ratio is 
constant throughout even in the central curved region where, though the 
| magnitude of molecular tilt changes, the sense of obliquity does not, i.e. 
| these are not examples of the relatively trivial case with one reversal of 
fold surface in one half of the crystal. Tt is unlikely that chair crystals 
and hollow pyramids should grow directly in the equal proportion observed 
| since while both have the same reduction of energy due to fold surface 
| staggering, the former must contain highly misoriented sector boundaries 
| with a consequent increase of energy. Especially in the early stages of 
] growth where the boundary energies have increased importance, this must 
i surely militate against the observed proportion of these crystals growing 
spontaneously. We prefer to suppose that in the early stages of growth, all 
crystals grow in an essentially vertical irregularly staggered structure with 
fluctuating fold length and subsequently undergo a progressive shear 
transformation to the various non-planar forms. This is in line with our 
earlier suggestion (Bassett et al. 1959) made when triangular central pleats 
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were first observed in truncated lozenges. We did not attribute these 
exclusively to a hollow pyramidal morphology, but left the suggestion. open 
of mechanisms involving internal rearrangement. Such a case has now 
been found. 
The present suggestion is based primarily on the proposal of polymer 
erystal growth occurring with a fluctuating fold length made by F rank 
and Tosi (1961). This would involve the increased separation of neigh- 
bouring folds, on the average, with a consequent small fold interacuon and 
little tendency to adopt an overall sheared configuration. Subsequent 
diffusion processes would, however, tend to bring folds into greater contact 
and increase the drive towards adopting a sheared structure. If a small 
region in the (110) sector then transformed to a (311) fold su rface, the shear 
stresses across the boundary of this region would tend to spread it over the 
crystal, this spread occurring along[130];,i.e.along the ridge direction rather 
than perpendicular to this direction. The nucleation of such a new phase 
would necessarily be a highly temperature-dependent process and, it is 
suggested, would lead naturally to the various observed non-planar forms. 
In the limit where crystal growth is very rapid compared with the time 
of fold diffusion, which provides the drive for nucleation and propagation of 
the new phase, many new domains may form independently within the 
boundaries of a given sector. Shear in either sense being equally probable 
in each new domain a ridged crystal will result. This is expected to be 
favoured by high supercoolings. Ridge continuity across the short 
diagonal or its absence may give evidence about the time of initiation of 
ridges. The fact that in fig. 2 there is a degree of continuity across the short 
diagonal near the middle but not further out Suggests that ridge for 
set in after the crystal was half grown but before it was fully grown. Inthe 
other extreme, when growth is much slower than fold diffusion (i.e. at low 
supercoolings) one domain would probably cover the whole crystal. This 
is in agreement with the general trend of observation, 
The truncated crystals, however, present a situation of somewhat 
greater complexity than the ideal limit in view of the existence of chair 
crystals. Examination of numerous truncated crystals in the 200 dark 


field in the electron microscope while tiltin 
i ] n micro; g around b; show: 
five possible combinations of 1312), fold surfaces alos do 


FE rS by conversi 
: OI ON sion of 
individual sectors to {312}, surfaces, only the two which are GONE 


across as are found, ie. hollow pyrami pU 

correspond to half and the whole criti ane ee : These 
the appropriate tilts (fig. 7). As these two combinations mod "i 
frequency, one must conclude that, either there is an initial SR equal 
continuity at the short diagonal which might prevent; a domai attice dis- 
on one side of it from being propagated to the other, or that z Buccs 
nucleation of sheared structures occurs away from the shonin or 
opposite halves of the crystal. Shear of domains in the same s ee 
produce a hollow pyramidal form, in the opposite sense, a aS would 
It seem reasonable to suppose that subsequent growth which ae ne crystal. 
then conform to the overall staggered configuration of the DC S 
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APPENDIX 
The dark-field optical analysis on ridged crystals with a pyramidal 
centre is carried out as follows. Let 2¢ be the angle across as of the edges of 
the pyramid in (001)s, i.e. the inter-striation angle and 2 that between the 
edgesin(010)s. Ina tilted position in which as is horizontal and cs makes an 
angle 0 with the vertical, $ and y are seen foreshortened as $' and y’ by an 
observer looking vertically downwards from infinity (fig. 17). 


Then 
TOY SCO IINGy e os os e 
and 
tamy Scosse otan y 9... « . 2) 
Fig. 17 
A 
B EFG = 2)’ 


A A E 
BED - BGD- 29 


D 


Schematie representation of the quantities measured in the analysis of an 
optical dark-field micrograph as in fig. 3. 


Knowledge of ¢ and measurement of ¢’ and J' gives 0 from (1); this in 
turn gives y from (2). 
Since 


tang cs 8 kl wc (8) 
and h/k is known from 


bsh 
tang kn we 
$ Ts k (s) 
this gives (l/ķ). 
A check on 0 may be obtained from the outlines of the 110 faces in a 


similar way to (1). In all cases, this value was close to that deduced from 
the (1305, striations. 


The measurements on the five crystals most nearly in the correct viewing 
orientation are given in table 3. Crystal 2 refers to fig. 3. The corrected 
mean values for l/k with h/k=3 and 3-15, i.e. $= 63-5? and 64-5? respectively 
are: 

Yk=4:0 (h=3) 


43 (h=3-15), 
with a standard error of + 0-1. 
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The random error in an individual measurement is 10% and is due 
mainly to the errorin]. For the range of values in question, measurements 
which are low by 1° involve percentage changes in [| of 8% for 4’ and — 2% 
for ¢’. There is also a systematic error in ¢; increasing $ by 1? increases 
l by 6% so that the uncertain assignment of ¢ gives an error of the same 
order as the random error of one measurement. 

A correction term has been applied for small deviations from the exact 
symmetry plane of the viewing direction. This was evaluated by expres- 
sing the measured 2¢’ and 2 as series expansions in a deviation parameter 
e, the angle the crystal has been rotated out of the symmetry plane about 
the pyramid axis, which itself remains at 0 to the vertical. To sufficient 

accuracy, this is the same as the departure of the angle BFD in fig. 17 
from 180°. The correction term which is insensitive to small changes of 
9' and yj" amounts for the observational range to an increase of | by 0-7 e2% 
when e is measured in degrees. When e is 5°, a 1? error in it gives a 7% 
error in /, of the same order as the other errors of measurement, so that the 
correction term should certainly not be used beyond e~5°. 


The traced outline of one hollow- i d b "et 
nd B ae polyethylene crystal 
The treatment given assumes implicitly that in dark-fi i 
Ec : 'k-field cami 
--— features seen are effectively wi p e ae 
(nu 5 í he crystals from infinity. Neither condition is strictl 
l 1 our experimental arrangement, though the latter Ed 
with a projection eyepiece. However, the corr er may be attained 
the 10 x oU Which was used. The fir 
serious in that out-of-focus line i "whi : 
inclined to erystal features, E ee * Pd m 
pond to no known morphology and disapp a So 
ever, the depth of the inclined py : m 
to check every feature through focus 
trust in a single photograph. 
Figure 18 shows the outlines and sector 
truncated crystal which has been analysed 
the interrupted ones are inserted, Parameter A 
are measured. As seen C is practical] Land D[Ez v 
indieating that the direction of viewing 
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This is assumed to be exactly so in the analysis and the prism faces are i 
taken as accurately {110}, and (100),. 
Simple trigonometry then gives: 


d = O UB. H = as tan &/2 
lh Bes lb  cscosB 
and 
T Cs 
E  r—lóstanf' 
where B is the angle the viewing direction makes with (001); such that 
sin f = bA : 
asB 


. Values of the parameters taken were: 


A=40-44mm, B=25-25:5mm, C=5mm, 
a=28°; (25-30?) and r=1-21-1-27, 
leading to the results given in table 4 within the permissible range of f 


which may vary from 59-74° because of the uncertainty in the extrapolation 
leading to A. 
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$1. INTRODUCTION AND LINEAR Brownian MOVEMENT 


CONSIDER a macroscopically observable system of negligible inertia with 
a generalized displacement coordinate v (linear displacement or angle) 
. immersed in a homogeneous fluid of fluid viscosity 7 and subject to Brownian 
movement. If there is no restoring force, or if we observe over a time 
interval, t, small compared with the decay time-constant of motioninvolving 
friction or viscosity, then a useful general formula for the mean square 
displacement in time / due to Brownian movement is 


(8x3) = — 2t (xd) EE o. (0 


(cf. e.g. MacDonald 1962, pp. 104-106). If and y are independent, but 
similar, degrees of freedom and such that »? —a? -- y?, then 

(8r&) = — 4t (xd) sees ocean) ramos quan) 
where in eqns. (1) and (1a) 2 means the average velocity at a time t » 0 of a 
sub-ensemble of systems all having displacement x at (—0. If the system 
is a sphere of radius a and we assume (with Stokes) that the retarding force 
due to viscous friction is — 65ad, then we readily arrive at Einstein's 
(1905, 1906) expression for the Brownian movement displacement parallel 
to some fixed axis: 


9kTt 
02? = 
(ui) mna 
= DBRT Ic rer E (2) 


where B is the so-called ‘mobility’; i.e. for pure displacement, B is the 
steady-state velocity per unit applied force achieved against the friction, 
or for an angular motion B is the steady-state angular velocity per unit 
applied couple. In eqn. (2) B is a constant, i.e. the viscous force is linear 
in particle velocity, but we appear quite justified (cf. MacDonald 1957, 
Alkemade et al. 1963) in using eqn. (1) for a system whose viscosity is 
non-linear (i.e. where the retarding force is no longer linear in velocity). 
A fairly full discussion of the general analysis of the non-linear problem 
has been given in Alkemade et al. (loc. cit.), but eqn. (1), or what follows 
therefrom, is so direct in application that it appears well worth emphasizing 


+ Dr. MacDonald died 28 July 1963. 
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here. We shall assume ‘weak coupling’ between the system undergoing 
Brownian movement and the environment; we allude to this later. The 
particular example we shall discuss is also of interest because in the past 
the suggestion has been made to one of us (D.K.C.M.) that somehow the 
viscosity never could be significantly non-linear in the Brownian movement 
régime. Let us see. 


$2. THE BRowxiAN MOVEMENT OF A CYLINDER 
Tf we consider a cylinder of radius a and length J, free to rotate about its 
axis, then the mobility for such angular rotation is given by : 
ooh REE EN) 
Arnal 
the mobility is constant and very similar to that for rotation of a sphere of 


radius @, namely : 
l 


Sana? : 


B (4) 


Tf however we turn to the displacement of a cylinder transversely through 
a fluid, the situation is rather different. Lamb (1911) argues that Stokes’ 
analysis for the displacement of a sphere is inadequate for the cylindrical 
problem, and Lamb emerges with an expression for the retarding force, 
F, due to viscosity of a cylinder moving with velocity v: - 


i a (5) 


In eqn. (5) the density of the fluid medium, p, enters directly, and y is 
Suler’s constant (y — 0-577 . . .). d 


Equation (5) may be written: 


seal v 
Be)- aaee d 50) 


where vo~ 4njpa. Weshould note that both eqns. (5) and (5a) are restricted 

pe vU, s mat Vv Moreover, note that B(v)isnow markedly 
endent on velocity, v, so that i 4 i i 

X y at here is an example of a highly non-linear 


If we introduce a (non-linear) ili ici ! 
lı mobility explicitly ir 1 
Sion (1a) for Brownian movement, we d ue Er un 


nyc 4kTt (a? B(x) ) 
DW 2196) 
(cf. MacDonald 1957). For the case of interest 


cylinder with no restoring force of other restraint 
with an intrinsically non-linear mobility}, we ma 
? 


here, namely that of a 
on its movement, but 
: Y write eqn. (6) for the 
f Detailed study of the non-linear problem (of. e.g Alkemade et al.. | 

E -, loc. cit.) 


shows that care must then be taken in the i i 
n re iti 
mobility, but we shall not pursue this QE eee of detiition for he 
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mean square displacement due to Brownian movement perpendicular to 
the cylinder axis: 


P ess THAI) yc c ce MEE (Ty 


where ( ) indicates as usual an average taken over the equilibrium distri- 
bution, whatever that may be. In problems where the fluid environment 
is gaseous we may certainly assume ‘weak coupling’ between system and 
environment in the statistical mechanical sense (cf. also Alkemade et al., 
loc. cit., Guénault and MacDonald 1963); the distribution function for the 
cylinder will then be a simple canonical one, i.e. P(v) ~ exp(— Mv?/2kT), 
where M is the mass of the cylinder. In any case we shall assume this as 
adequate for the present problem. Thus in eqn. (7) we have: 


e 2M S = — Mpp RS 9o 1 
(B(v)) = NE n exp (— Mv?/2kT) eui 9 dv. (8) 


This may be written : 


BO = BOW AIME), e. — sn (9) 


where A is given by the definite integral : 


mà= (S) [7 expC- itia me. (92) 
T/ J0 


Unfortunately we have not been able to evaluate à analytically, although it 
is clearly finite; a rough numerical integration gives a value Àx 0-52. 
Thus, finally we have for the Brownian movement of the free cylinder 
perpendicular to its axis: 

Jai 

(Srey = E In [o /0-594/(ET[M)]. — m . + 9) 

ar 
It is of interest to note that A does not depart far from unity in eqn. (9), 
despite the very marked dependence of B(v) on v. 


$3. CONCLUSION 

Let us summarize what we have done. We have pointed out that use 
of the generalized Einstein equation (la) enables one to calculate very 
directly the mean square fluctuation in time of a free system in a fluid even 
when the mobility is non-linear (but bear in mind footnote after eqn. (6)). 
This is in striking contrast to the systematic investigation of the spontaneous 
fluctuations of a non-linear system, including for example a determination 
of the equilibrium spectrum; in that case we become involved in rather 
lengthy analysis and the resulting algebraic expressions are usually rather 


T Moreover, using simple kinetic theory, it follows that 


à kT a u 
E UM) |” AN n7" 
where m is the mass of a gas molecule and A is the mean free path in the gas, 


so that normally speaking v)>v throughout the effective range of integration 
in eqn. (8), as is required for B(v) to be adequately represented by eqn. (5 a). 
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complex. It is thus doubly pleasing that the straightforward eqn. (1a) 
is of such wide applicability, and that at the same time the mean square 
‘ displacement’ of a free Brownian system (e.g. of some galvanometer 
suspension) provides us with much, if not all, of the essential information 
we often require in practice. 
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ABSTRACT 


Crystalloluminescence of NaCl is shown to be an impurity phenomenon, 
the spectral distribution of, e.g., NaCl with a lead impurity being similar to 
that of the NaCl (Pb) erystal phosphor. The light is emitted in short pulses 
of less than 8 x 10-8 sec and it is shown that each pulse is caused by a phase 
change of a three-dimensional nucleus leading to the growth of an individual 
crystal. 

The radius of the critical nucleus of NaCl (Pb) in supersaturated solution, 
calculated from the number of quanta per pulse, is about 5 x 10-7 em, which 
corresponds to a surface energy of approximately 100 erg/em?. 

In the presence of Ag, Cu, TI, Sb, the light pulses and crystals appear in 
the form of clusters. 


$1. INTRODUCTION 


ALTHOUGH crystalloluminescence has been known for more than 100 years, 
the mechanism has not been understood. Two of the more important 
theories proposed ascribe the phenomenon either to polymorphie changes 
(Rose 1835), or to salt formation from oppositely charged ions (Bandrowski 
1894). The latter suggestion has been refuted by Trautz (1905), who 
proposed that crystalloluminescence and triboluminescence were related. 
Longchambon (1925), however, showed that the two Spectra were entirely 
different. More recently, Racz (1942, 1943), who studied the light emitted 
during the precipitation of alkali halides, found that considerable amounts of 
ultra-violet were emitted in addition to visible light. 

The present work shows that crystalloluminescence is associated with the 
formation of critical nuclei in the presence of certain trace impurities. 
The luminescence arises during the relatively fast erystallization of alkali 
halides in the presence of certain metal impurities in concentrations of 
several parts per million. When carefully purified sodium chloride is 
allowed to crystallize rapidly by the addition of pure distilled hydrochloric 
acid very little, if any, visible photon-emission is observable. 

The methods used in the present investigation consisted of: 

(1) Measurement of total light emissions from photomultiplier currents 

after d.c. amplification. 

(2) Pulse counting with variable discrimination. 

(3) Oscillographic pulse analysis. 

(4) Spectral analysis of emission by means of interference filters. 


P.M. 6E 
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2. EXPERIMENTAL DETAILS 
Light Measuring Apparatus 

'The apparatus used for light detection was an IP 28 photomultiplier 
refrigerated to — 70*c which could be coupled either to an oscillograph or 
to a high-gain amplifier and counter via a wide-band head-amplifier. 

The precipitation of sodium chloride was carried out from saturated 
solution by introducing an equal volume of HCl by a stream of nitrogen 
under conditions standardized for optimal light output. 

Since mostcommercial samples of AnalaR NaClcontain traces of unknown 
metallic impurities which cause crystalloluminescence, the salt was purified 
by treatment with H,S. After precipitation, the residual light emission was 
negligible. The AnalaR HCl was either distilled or selected from batches 
found to be sufficiently pure. 


9 


2.2. Effects of Trace Impurities 
Preliminary experiments showed that marked light emission occurred 
only in the presence of certain metallic impurities which are shown in table 1 
together with a number which were found inactive. 


Table 1 
Active Inactive 
Cul Gat Gell As? Ca E K 
Ag! Int Snl Sbit Sr Ni od n 
Aul TL Phi Bir Ba Go Hee Cs 
Tg : 


s ue gi the active impurities are not only activators for alkali halide 
p x hors, re T show increased solubility in concentrated salt solutions 
ue to complex formation. Thus lead chlori 
ride forms e.g. [PbCl,]— 
(Fromherz 1931). The three most active i iti pe 
Ee active impurities with regar i 
chloride are lead, copper and silver. ge E E 
The types of pulse observed wi ious i 
yl served with various impuritie i 
COME c : es fall into two disti 
groups. The monovalent impurities shown in the first two nes 
so 


table 1 produce trains of partly superimposed pulses, the inten 


decays with time. Metal impurities of Group IVB, however B 
, ; roduce 


extremely short single pulses of rand istri 

` on T 3 

these two pulses are shown in figs. 1 HS ees Oscillograms of 
A recent review (Eppler 1961) of ] i 

e : ; umi 

halides lists Ga, In, TI, Ge, Sn, Pb, Bi BR of 

appears significant that these impurities als 
: ; s SO ca; : : 

with the exception of Ni which proved inactive iE falloluminescence, 

It is now well established that lead and silver mi m experiments. 

phosphors impurity centres which differ completel e a alkali halide 

This is also paralleled by the marked difference in ee h OR 

during crystallization with Pb and Ag. character obtained 


impurity activated 
as active impurities, and it 
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Fig. 1 


Pulses emitted during fast crystallization of NaCl (Pb). (1 millisecond sweep.) 


I 


Rio, 2 
Fig. 2 


Pulses emitted during fast crystallization of NaCl (Ag). (100 microsecond sweep.) 


6g2 
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Fig. 3 
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Spectral distribution of crystalloluminescence of NaCl (Pb). 


Fig. 4 
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"Spectral distribution of NaCl (Pb) fluorescence under ultra-violet it 
E exeitation. 


Figures 3 and 4 show tho spectra of NaC] (Pb 
tion and on excitation of the crystal phosphor with ult 
ra 


from their original positions at 555 my and 475 my as ene and 445 my 
Own, 
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2.3. Correlation between Numbers of Pulses and Numbers of 
Three-dimensional Nuclei 


Qualitative evaluation of the total number of pulses emitted during the 
precipitation of a certain amount of sodium chloride by H Cl in the presence 
of silver or lead ion impurities was done by an electronic scaler used as a 
scintillation counter. 

2ml of saturated NaCl solution (at 25°c) were mixed under the counter 
in a small silvered cuvette with 2ml of 23-5% HCl containing 1ug Pbt* 
(1-4p.p.m. Pbt+/NaCl). The number of NaCl crystals precipitated was 
determined by a microscopic analysis of the particle size distribution using 
a graticule of 33 ./division. A typical analysis is shown in table 2. 


Table 2 


Divisions 


Number of 
crystals 


Tho total number of crystals counted was 972, corresponding to a total 
calculated weight of 169:8 ug. A precipitate of 150 mg thus contained 
8:8 x 105 crystals. 

The following figures were obtained from five independent runs: 

8-8 x 105, 4-8 x 105, 8-8 x 105, 8-9 x 105, 6-3 x 105. 

This compared with five independent pulse counts : 

9-8 x 105, 3-7 x 105, 4-4 x 105, 3-9 x 105, 3-6 x 105. 

Since some of the pulses might have been small owing to the position of 
the emitting particles in the cuvette, a number might not have been 
counted owing to the discrimination voltage used to cut down the back- 
ground noise. The results can thus be interpreted as indicating thaf the 
number of pulses is very close to the number of crystals formed. The 
emitted pulses appear to be randomly distributed in time. 

With Silver as an impurity (5p.p.m.Agt/NaCl) the pulses are not 
emitted randomly but in the form of 180-250 bursts per run, each burst 
consisting of 2 x 103 to 2 x 104 individual pulses. 


A typical size frequency distribution for the precipitated crystals is 
shown in table 3. 


Table 3 


Divisions 
|] 
Number of 
crystals | 95 | 183 | 254 | 136 | 96 | 86 | 59 | 41 | 34 | 19] 161 6 | 3 | 1 


—— | 
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In this experiment, 175 mg of precipitate contained 2:55 x 109 crystals 
as calculated from a total count of 1049 crystals weighing 72-08 ug. 

The following figures were obtained from five independent runs: 

2-0 x 109, 2-11 x 108, 1-9 x 108, 2-4 x 106, 2-7 x 108. 

This compares with five independent pulse counts : 

0-90 x 109, 0-98 x 108, 0-63 x 108, 0-88 x 109, 1:04 x 10°. 

Whereas in the presence of lead impurities the precipitate consists of 
well-defined individual crystals, the presence of silver causes clustering 
of both pulses and erystals. Figure 5 shows a typical cluster of crystals 
occurring in the precipitate. 


Effect of chain type nucleation on the form of an NaCl (Ag) precipitate 
g : 


2.4. Correlation between the Numbers of Photons Emitted and Lead 
Removed from Solution on Precipitation eee 


The total number of photons which 
are contai i j 
approximately 4x 10? pulses in the presence oí DEL LUNGS OE 


estimated by measuring the total number of mi ae impurities has been 


uae cro-amper ; 
a precipitation. "The figures obtained from ten runs s : eeonds during 


8-7, 7-2, 18:3, 10-6, 12-5, 8-5, 10-1, 9-7, 11-4, 13-9 
giving an average of 10-8 micro-ampere seconds EE 
Since 96500ampsecs will discharge 6 
s :023 x 1023 : 
10 micro-amp seconds are associated with T unnvalent. ions, 
6:023 x 103 x 10-5 
9:65 x104 
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electrons. With a multiplier factor of 5 x 109 and a photocathode quantum 
efficiency of approximately 10%, 10 micro-amp seconds correspond to: 
6:023 x 1023 x 10 x 10-5 
9-65 x10* x5 x 10$ 

"This figure represents a lower limit of the total light output owing to 
estimated losses of up to 50% of the emitted light. 

The quantity of lead ion removed by precipitation under the same con- 
ditions was determined by atomic absorption after chelation with ammo- 
nium pyrollidine dithiocarbamate. It was found to be 85-92% of the 
total concentration of lead ion present. 

Consequently the number of lead ions removed was: 

6-023 x 10?3 x 10-8 x 0-9 
2-0721 x10? 

There is, therefore, no obvious relation between the number of quanta 
emitted, and the number of lead ions incorporated into the nucleus. 
Blank experiments showed that the bulk of the lead ion was removed by 
adsorption on the precipitated crystals rather than by inclusion in the 
nucleus. 


= 1-25 x 10? quanta. 


=2-5 x 104 lead ions. 


2.5. Pulse Shape Analysis 

The emitted pulses were examined on a wide band oscillograph with a 
frequency cut-off of 30 megacycles. The multiplier collector with its 
associated strays (total capacity of 20pr) was coupled to a head amplifier 
by incorporating itinto one side of an unsymmetrical z-type filter developed 
by Nuttall (1949) with a flat frequency response up to 11 megacycles. A 
second similar coupling was used in the head amplifier and the output 
fed into a 75 Q line via a cathode-coupled valve. The rise time of each 
coupling was 10 nanoseconds, making the total rise time of the combination 
about 40nanoseconds. The pulses from the NaCl (Pb) nuclei appeared to 
be shorter than 80 nanoseconds in length. 

A typical pulse isolated from the bulk of the emission is shown in fig. 6. 
(Photographed on Polaroid 3000 A.S.A.) 


Fig. 6 


100ns 


A typical pulse emitted during precipitation of NaCl (Pb). (Sweep speed 
0:lusec/cm. The slight tail is an artefact of the head amplifier.) 
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With those impurities that cause bursts of pulses, the shape of the 
pulse train varies considerably with the type of impurity, the pulse ampli- 
tude invariably dropping with time. For instance with silver, the life 
of a simple train is about 10 usec, and with copper, about 150 usec. With 
antimony, many simple pulses, similar to those emitted by lead, were 
observed. The tails of these persisted for 0-5 usec, and were sometimes 
slightly rippled. When any of these trains were examined with a 
high-speed sweep, it was apparent that they were composed of elementary 
short pulses similar to those emitted in the presence of lead. The 
gradual drop in amplitude of successive pulses is thus probably due to 
local depletion of solute. 


$3. DISCUSSION 


The well-attested fact that the number of pulses emitted during the fast 
crystallization of sodium chloride in the presence of lead and silver ions 
respectively is almost identical with the number of crystals precipitated 
shows that each pulse is associated with the three-dimensional spontaneous 
nucleation. The second result of importance in the present contextis the 
extreme shortness of a single pulse which is somewhat less than 10-7 sec. 

From the results in §§2.3 and 2.4, it follows that the number of quanta 
per average pulse is approximately 300-600 which can be assumed to 
represent the emission from 150-600 Pb++ ions emitting once or twice in 
a period of <8 x 10-8sec. 


On the basis of the overall concentr; 


ation in the present solution, a 
nucleus of enormous size would result if the lead was evenly distributed 
even allowing for the effect 


of large partition coefficients. It seems 
therefore, very probable that the lead complex ions are adsorbed on the 
surface of the nuclei. This is supported by our observation of extremel 
Strong surface adsorption of lead on Sodium chloride, and also b the 
work of Shamovskii (1956) and Shamovskii and Zhvanko (1957) who 


concluded that the luminescence of some alkali i 
ali halid i 
surface phenomenon. I eU 


Whether the lead chloride complex has a pyrami 
reth midal p r: 
ture, it will cover an area of 40-50 42 = Mou 


assuming a closely packed adsorption la; ^ 
of nuclei of radii oe 10-77 to 5 XI um pens 
ponding to 45-112ergs/em?. "These latter fig 
Thomson equation which implies the presenc 
with its parent solution. 

The uncertainty in the calculation of the critical radius of 9... 
can be reduced by a consideration of energy yield of the observed lumi 
cence. Taking 3-68 x 10° ergs/mole as the free energy of meltin, m. 
a nucleus of 5 x 10-7em radius would release 3:85 x 10-9 ergs m s 
tion. Since the recovered energy amounts to 2-01 x 10-9 ergs dE 


: ; EX Eee per nucleus 
the conversion efficiency is 52-0%, which is the same order as that observed 


5x 10-7 em 
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with phosphors excited by ultra-violet excitation. A similar calculation 
for a nucleus of radius 2 x 10-?em results in a conversion efficiency of 
710095, which rules out values of critical radii smaller than 5 x 10-7 em. 

The above caleulation strongly suggests that the primary excitation 
energy is derived from a phase change, indicating that the critical nucleus 
which forms by diffusion as a disordered quasi-liquid or glass-like aggregate 
eventually ‘clicks’ into crystalline form in less than 8 x 10-8 sec. 

As a result of this high-speed rearrangement, the surface of the now 
crystalline particle may be expected to contain large numbers of imper- 
fections, which would permit further rapid crystalline growth. 

The formation of the complete nucleus from the parent solution by rapid 
diffusion seems to be ruled out since this would require a time at least ten 
times greater than that of the pulse period, taking the diffusion coefficient 
of NaCl in water as D = 10-5 cm? sec-1. 

Further, the diffusion mechnism is highly unlikely because: 


(1) the flux, within 8 x 10-5sec, of NaCl (Pb) from the parent solution 
would not include sufficient [PbCl,]-- to account for the observed 
quantum output per pulse; 


(2) the known strong adsorption of lead on sodium chloride and the 
establishment of a critical supersaturation in the presence of lead 
impurity, both together suggest the concept of a cluster protected 
by an adsorbed layer of [PbCl,]-- complex ions. 


In the relatively highly supersaturated solutions which have been studied * 
there is a strong indication that the critical nucleus is a quasi-liquid. 
The observation of the crystalloluminescence with the dark adapted eye 
also shows that apart from the distinctly observable scintillations in the 
liquid, there is a continuous faint glow of the precipitated crystals lasting 
several minutes. This may indicate that, under certain conditions, crystal 
growth can take place by the deposition of sub-critical nuclei as suggested 
by Peibst and Noack (1962) rather than by the deposition of single ions. 

In general, one would expect a quasi-liquid critical nucleus to be more 
stable than a crystalline one owing to the pronounced radial symmetry 
produced by surface forces. 

Although the early work by Longchambon indicates that the tribo- 
luminescent spectrum of NaCl is entirely different from its crystallolumines- 
cent spectrum, nothing was known at that time of the effect of impurities 
on crystalloluminescence. The results of this work are therefore of little 
significance. 

More serious objections to triboluminescence as the primary mechanism 
of light emission may arise from modern theories of brittle fracture. In 
particles of less than one micron in size, large local stresses cannot be built 
up because of the close proximity of the other surfaces of the particle; 
the majority of the dislocations would travel to the surface and disappear. 

While very fast growth of macroscopic crystals may result in fracture, 

the observed faint emission from the precipitated crystal layer referred to 
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previously cannot be explained by a fracture mechanism since the SUPE 
saturation under these conditions is extremely low. In addition, micro- 
scopic examination of the crystal growth under the described Somalion 
has not revealed shattering at any stage. Shattering would also result in 
the occurrence of irregular groups of pulses and varying pulse amplitudes. 
The remarkable difference in the effect of lead and silver ion impurities 
on nucleation and crystal growth, which is reflected in the type of pulse 
produced, seems to be related to the two known fundamental types of 
impurity activated alkali halide phosphors. Absorption and luminescence 
data are interpreted as indicating that monovalent impurities may enter 
the lattice by substitution (Seitz-Williams model), whereas the data on 
divalent impurities are consistent with the older ‘complex-ion model". 
Sears (1958) has shown that lead ion complexes interfere in the crystalli- 
zation of alkali halides since they are adsorbed at steps, blocking further 
growth. 
Although nothing can be said with certainty about the interference of the 
lel silver ion, the present results indicate that no such inhibition occurs. 
With silver, thallium and copper, however, consecutive nucleations occur 
as a chain reaction. Although growth can now proceed from steps, the 
very fast rate of growth may easily cause small out-growths containing 
many imperfections, some of which may provide new centres for further 
nucleations. 
The observed erystalloluminescence invariably commences with small 
$ ; pulses, thereafter quickly increasing to a maximum, which is followed by 
arapidfall. The initial increase is in agreement with the Thomson concept 
of the critical nucleus which requires the critical radius to increase as the 
supersaturation falls. As crystallization proceeds, the solution becomes 
strongly depleted in lead, leaving insufficient lead ions to cover completely 
subsequent nuclei, thus leading to the emission of smaller 
per pulse. 
While the Thomson. concept of a cr 
sional nucleations, its validity 
doubt. Studies on critical s 
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growth to proceed on the remaining 100 t 
two-dimensional nucleation. 


an energy barrier has always been observed 
sodium chloride, no energy barrier at all could be detected 
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These workers have obtained light sparks and acoustic signals from large 
fast growing crystals of Ba (ClO,), and K,Na (SO,),. In our experience of 
light emitted from macroscopic material on fracture, the pulses are long and 
show an irregular fine structure. Their amplitude and occurrence are 
random, and the total number small. This makes it clear that tribo- 
luminescence cannot be confused with the crystalloluminescence observed 
inourstudy. In genuine crystalloluminescence of the type described in the 
present work, the numbers of pulses and crystals are the same allowing for 
experimental errors. 
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ABSTRACT 


The formalism required to calculate elastic and inelastic nuclear scattering 
with excitation of collective vibrational and rotational states of the target 
nucleus is summarized. 'The mathematical techniques used to solve the 
resulting coupled differential equations with an electronic computer are given 
together with the necessary checking procedures. 'The results of some 
typical caleulations are presented to show the dependence of the elastic and 
inelastic cross sections on some of the parameters of the model. 


$1. INTRODUCTION 


THE optical model has been extensively applied to analyse the elastic 
scattering of nucleons and other particles by nuclei and has been found 
able to account for a wide range of experimental data. Essentially, 
this model represents the interaction between the incident particle and the 
target nucleus by a two-body complex potential, the real part refracting 
and the imaginary part absorbing the incident wave. The absorbing 
potential sums over all possible non-elastic channels, and a condition for 
the validity of the model, is that no single non-elastic channell dominates. 
The mathematical techniques used to solve the differential equations 
obtained with this model have been summarized by Buck ef al. (1960). 
(This paper will be referred to as BMH.) 

The inelastic cross sections corresponding to channels weakly coupled 
to the incident channel may be calculated individually by the distorted 
wave Born approximation. In this calculation the incoming and outgoing 
waves are distorted by the same potentials as the corresponding elastic 
scattering interaction, and it is assumed that the elastic scattering is 
essentially unaffected by the inelastic process being considered. The 
formalism and computer techniques used in such calculations have been 
summarized by Buck and Hodgson (1961). 

In some cases, however, one or more inelastic channels are so strongly 
coupled to the incident channel that it is no longer sufficiently accurate 
to take them into account through an overall absorbing potential when 
Ie ec ee SE 


T Operated by Union Carbide Nuclear Company for the U.S. Atomic Energy 
ommission. 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


^ © 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
1806 B. Buck et al. on the 


caleulating the elastic cross section or to use the distorted wave Born 
approximation to calculate the scattering into such inelastic eipuigels. 
These cases arise in many types of interactions, particularly when the target 
nucleus is deformed or deformable so that rotational or vibrational collective 
oscillations are readily excited. In such cases the elastic and dominant 
inelastic channels must be considered together on the same footing through- 
out the calculations. The remaining weakly-coupled inelastic channels 
may be taken into account as before through an appropriately reduced 
absorbing potential. A still more accurate calculation includes explicitly 
the coupling to the second and higher excited states of the target nucleus. 

The present calculations do not take into account the spin-orbit inter- 
action which can polarize the scattered particles. The formalism for this 
case has been given by Buck (1962). 

The present paper summarizes the formalism necessary for the coupling 
to the first and second inelastic channels and gives the mathematical and 
computer techniques used to solve the resulting coupled differential 
equations. 

$2. MATHEMATICAL FORMALISM 

The basic formalism appropriate to the calculation of inelastic scattering 
with excitation of rotational nuclear states has been given by Chase et al. 
(1958). The general formulae will be briefly summarized in this section 
and specialized to the cases of rotational and vibrational excitation in 
subsequent sections. 

The Hamiltonian of the interacting system is the sum of the kinetic 
energy, nuclear collective energy and potential energy terms: 


H=T+H,(é)+Vi(r,€), . 
where r denotes the coordinates of the ineide: 


coordinates of the target nucleus. The total wavefunction ¥ may be 


expanded in terms of angular momentum eigenfunctions JM, J being the 
> 1 : 
total angular momentum with 2-component M : E 


W(r, £) = 2a, £), (3) 

where the coefficients a,, are determi Ie 

channel. su Are determined by the conditions in the entrance 
We express the function y. 


7 for each entr 
E z J entrance cha; 
position of the elastic and inelastic Scatterin. ens 


(1) 


nt particle and £ the internal 


as a Super- 


g states: 
iie e A 
7 (r, E)= - fir)er(e, E) + 2 filr) T, e), (3) 


where the sum J’ is over all nuclear st c : 
are the radial wavefunetions when the d s P. m a one Tir) 
relative orbital angular momentum of the vi We I and lis the 
scattering from spin zero nuclei in which case fr) is a li £ consider the 
of ingoing and outgoing waves and the Pay aro E combination 
The functions $7/¥(F, £) may be expanded in terms of the o emm 

armo- 


nics of the angular coordinates of the incident particle (r — r£) and th, 
d ewave- 
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functions I (£) of the target nucleus,together with the appropriate coupling 
coefficients : 
: ec Y. Lym K 
Ver &) = X0 mes i (F)} I (£). 2 * 3 ss r (4) 
It is convenient to define the angular momentum functions so that they 
transform under time-reversal T' according to : 
Day (= OMe). cse ees (5) 


The wavefunctions of the target nucleus also satisfy : 


SSIS maaan 


E 
H bk (6) — en TASIB- o. NO nasa pies Sh (6) i 
where e, is the excitation energy of the state of spin J. v 
Tf the wavefunction (3) is inserted into the Schrédinger equation for the ~ 
scattering in the centre of mass system the usual multiplication on the left yf 
by $7?" (£, é) and integration over angular variables and nuclear coordinates Á v 
give the equation: F. 
—12/P — L1 ; £ 1 
LEG -OD TE +E Mare fi =0. (Ta) 
2m Ndr? r IT 
A similar procedure gives : 
i/d VU+1) ee - : Wy c 
(FE Ge) ee Bam Vea) vU 
UE View wr?) 1277) — 9. xe 05) 3 ME 5 
relel W 
The coupling matrix elements "A s 
Vie re) = GIG OV Semen . . . . (3 m 


For zero spin target J=0 and J’, I” are summed over all excited states. 
In any particular case, as shown below, the values of | are restricted by 
i selection rules. An explicit expression for this matrix element may be 

| obtained by expanding the interaction V(r, é) in terms of spherical tensor 

Operators : 

V(r, 9- TEATA, E TID 

where Q determines the angular momentum transfer. The zeroth order 

|] term in this expansion corresponds partly to monopole vibrations and * 
partly, with small contributions from the higher multipoles, to the central F 
optical potential. The Q= 1 term corresponds to vibrations of the centre X 
of mass of the nucleus and not to intrinsic excitation, the Q —2 term gives | 
the quadrupole interaction, the Q —3 term the octupole interaction and so 

on. The z-component q takes the values —Q, -Q +1,. TOSTI Q. To 

| ensure the reality of the reduced matrix elements the spherical tensors 

transform according to : 


Tea (pe, es s 09) 
The coupling potential then has the symmetry property Vr. nt) = Vere (*)- 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
1808 B. Buck et al. on the 


Substituting (4) and (9) into (8) gives : ie 
Vinn (=D OO exl 0 Q VE PIPE p Y)» 
z QON ^ z 
: x EOL ERE). ee ee QD) 


i i cir y pendence 
The Wigner—Eckart theorem is used to extract the geometrical dey : 
of the matrix elements; thus performing the sums over magnetic quantum 


numbers : : ; ; i 
Vir: ar) = E(P H-E WUT JQ) U [TAI nre. 5p. 
E d (it) 
\ where /= (20+ 1)! and the reduced matrix element is defined by: 
-E Qq'K' Img) = ong mel. SCORES sse (119) 
Taking 
zd cese cs s (i 
and evaluating the matrix element (XY ITZEA) gives 
; ue. i ; 
a eo a e 08 
EM To proceed further an explicit form is required for the reduced nuclear 
2 matrix element (I'||To|/). It is through the nuclear matrix element 


A that one endeavours to extract informati 

: analyses of nuclear reactions. 
caleulated explicitly for a partic 
3.2, 3.3. 


on about nuclear structure by 
It may either be chosen empirically or 
ular nuclear model as described in §$ 3.1, 


$3. QUADRUPOLE EXCITATION 
3.1. The Coupled Equations 


In the present calculations we consider the excitation of low 
lective states in even-even nuclei. The simplest case is to treat explicitly 
only the excitation of the lowest 2+ state and to absorb the remainino higher 
excitations in the imaginary part of the optical model potential, The 
formalism for this calculation is outlined in $8 3, 4 and 5 and is applied in 
$7. The excitation of higher states is considered in $6. 
L For the case of 0*2 transiti 


-lying col- 


ons I’ =]” =2 in (7a) and (7b). Defining 
co — 0 and e, as the excitation ener of the first exci in 
E- the following coupled equations : z ae obl 
Pd Ja : : 
= (s =. =) +E- su) ou(7) = XV. a(t) f2,(r) — 0, 
a: an (1G 

RME MUs 1) Ey Gd 

| Bakar) D Voss) fh 

Ee E ERE DES 
2: 075 ou (7) p sr (7) =0, (165) 
à where E'—E—e,. From the properties of the Clebsch- 


Gordan coefficient 


i 3n (15) we see that 7’ and /" are restricted to the values J — 


2, J and J 4 2. 
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Then for each value of J there are three equations in (166), making four 
coupled equations altogether. 


3.2. The Rotational Model 


In the rotational model (Bohr and Mottelson 1953) it is assumed that the 
nucleus has a permanent spheroidal deformation of cylindrical symmetry so 
that the nuclear surface may be defined by : 

R(,d)-RQeBYNeé. 4) . o... . Qm 
where B is the deformation, R, the radius of the undeformed nuclear surface 
and (0, 9") the polar and azimuthal angles of a surface point in the body- 
fixed system.  Prolate deformations correspond to B>0 and oblate to 
B<0. If the vector § specifies the nuclear orientation (17) becomes: 


R(0,$) = | 1+ BLD a8 ye. o | aeneo PRSE) 


where (0, ¢) are the polar and azimuthal angles in the space-fixed system 
(Elliott 1958). We now assume that the potential experienced by the 
incident particle depends only on its distance from the nuclear surface, 
and expand the potential 


R(0; $) 
l ee ea t 
Jl ae exp (Ee) 5 E 5 . X19) 
about r= R, to first order in B. Hence: 


—- R(6,4)) = Vf lr) + «Phryx 2D? (E)Z Y0, )}*, . (20) 


mpa | 
soze eo (ET 


To a good approximation we may identify the Q=0 term in (20) with 
the central Saxon-Woods potential and the Q=2 term as the coupling 
potential which excites the 2+ collective state. Higher terms in the 
expansion (20) are of the form 


Cv P vp xenseergo.gye T. 3 


where 


n! 7 
where f(r) is the nth derivative of the Saxon—Woods form factor. These S 
terms can be rewritten in the form : r 
cA 2 w 
(PESO! ZeD Ora, o) | : 
where s=0,1,...2: q— — Uu 2s, which shows that all terms in the 


expansion ( 20) Conte ibute Us eus central distor ting potential and also to the 
quadrupole coupling term. Since, however, he. spherical optical poten- 
tial is not well determined we neglect these higher contributions; they are 


P.M. 6r 
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slight variations in the parameters 
(9), (14) and (20) gives : 

7 [5 15 
Tyr boi PA pps... . s Q2 


a 


substantially taken into account by 
of the distorting potentials. Comparing 


ini i c i «cite i ic pr nd are 
The remaining terms in the expansion (9) excite inelastic processes a 


taken into account by letting V be complex. 
The wavefunctions for the ground-state ro 
expressed in terms of the rotation matrices : 


tational bands may be 


; arn ‘ 
3 Vf (E)— 855^ Dk (29) 
E Using (22) and (23) to evaluate the quadrupole matrix element 
Š (UE ur (r, £) K ) gives S 
kans Pea , in > R V 1 (21 9; 
Ea a eaey Er 7 eg a 
- j -- 
-E 3.3. The Vibrational Model 
> In the vibrational model the motion of the nuclear surface is represented 
RUE by the dynamical deformation parameters D 
: R(,9)- R,| 1+ Jo * Ye »| om 
a 
With the same assumptions as before the interaction potential to first 
order is then : 
VER —r(8 ACIES Ri OP Dn 
[E —(8, 9)] — Vf (r) + EU Fir) Soe *Y4(0.9)5*.  .. (26) 
f q 
Thed ynamical deformation parameters o? may be decomposed into phonon 
destruction and creation operators b, and b*: 
at ha 
te (eset rye. memor ccc SNO 
where fw is the phonon energy and c, the restoring f 
J ore R ; 
The operators b, and b% satisfy the Sotto: E 
MEM — — 9. 65 
an 2u , where N is the total number of phonons. Comparing 
(9), (14) and (26) gives: 
roc dtl’ 
IRE l.l. $ . (B 
The quadrupole phonon states may be written : 
DAMEN : 
where Es 00 
(QN  EK[N : IK ) « 1. 
The vacuum state is written |0:00)2 |0) and the 
: = one-ph: 
[1 :24) -07]0). phonon state 
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Using (26)-(31) to evaluate (I' CLS (r, )|LK ) gives, for (T |T). 
RAY h ; 

emo- T (Fro 0n 

and (2 |I, ||2) 2 0, e cues 32) 


since b* can only connect states differing by one phonon. The mean 


square deformation B? is defined as the expectation value of Elo, in the 
ground state and hence: q 


g- ee eC) 
Thus for vibrational excitation : 
lro) = BRoV aay, Mec See es (34) 
Şi ar/5 


The value of the matrix element (2||7',||D) is the same for the rotational 
and vibrational model and so the cross sections given by the two models 
are usually quite similar. However, due to the diagonal quadrupole 
term (2|[7,]|2) it appears possible to distinguish between oblate and 
prolate deformations and in some cases between the rotational and vibra- 
tional models (see fig. 6). This correspondence between the two models 
does not extend to higher excitations (see § 6). 


$4. SOLUTION OF THE RADIAL WAVE EQUATION 


Before writing out the radial wave equations explicitly we first of all 
write (12) as the sum of two terms: 


Vir: nl) = VO n (r)rpBy + VEY nlr), - + + (35) 
and assume that the diagonal potentials V7 u(r) are all identical, i.e. 
Vn) = Ve es(t) = Vg? ,. 2J—2(7)= Vg s. aj 4s (7) = V(r). (36) 


The radial wave eqns. (16) may be written explicitly for each value of J: 
[T-V +E] fy (r) — VG s p (mr) fy s (r) 


= Vg, (r): 3 (r)— Vilar ol) Ji 3s (n) =0, peg (9/10). 
[7 — V — Veg Qm) + BT f2,(r) — VRS) 

— Ves, -s(r) f 372r) — Vei reser) f3740(") =9, 2915) 
[T5 9 — V — Ve aoyo) +E fZ .(r)— Vg 9: or) fart) 

= VAN y ej (0) f2,(r) Rm Vos 2J-4-2 (7) f2742(7) =0, - . . (376) 
[P= V — Ven 2: o7-4.9(7) + E' Mg, sr) E Vg s. or (r) fiu (n) 

- Vus Mis) - VOM aufip()mo, —. . . (81d) 


where 


T Ec zo) 


2mNdr? 7? 


(38) 


6r2 
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In eqns. (37 c) and (37 d) terms like Vg ,.,, , ,(r) are zero because (J — 2) 
and (J +2) cannot be connected by a quadrupole interaction. 
These equations have to be integrated numerically and matched beyond 
) the nuclear field to the appropriate asymptotic forms of the wavefunctions 
i in the elastic and inelastic channels. This matching yields the scattering 
matrix elements that determine the observable cross sections. The overall 
method of solution is thus similar to the case of elastic scattering but. is 
rather more complicated due to the coupling of the equations for the 
wavefunctions of different orbital angular momentum. 
Before beginning the numerical integration explicit forms must be chosen 
for the interaction potentials. 
The potential V(r) is the usual optical potential for elastic scattering 
and is taken as the sum of Coulomb and complex nuclear potentials : 


= V(r) = = Vlr) + Uf) +i WF (0) + WG) + WoGe(r)], — (39) 


P where 


Er C MS r-RNT- 
s. R "or E sex zu p ] 
: x. m 

pow iS ; r= R zr 2 


where R;=7;A"3, 


[s J o. . ^ E B t 
The charge distribution within the nucleus is taken as uniform so that 


Z Ze 
Mem for r»R, 
= Ze f. r? 
=R, (- 5) for r< R, scere TB 


The coupling potential is obtained b 


3 y substituti 94Y3 : 
to obtain the quadrupole term : ER (5) Um (12) 


VPE n= V ry PE OR wamy : J2) 


where Di (92) 
Wy BRU ie QII; -r 
a %/(2077) 000 dee up es 43) 
2 — BRU 
Hence V44— E V,,— +1-1952 p : : 
ay/ (47) d AA a/an) for rotational model 


and V’,, = : 
In all further worl ell x for vibrational model 
8 ork we will consider the rotational model; the vib d 
> the vibrational 


model may be obtained by puttine V,.= TA 

coupling potentials are abdi in oe p She 
The éomplex potential is thus specified by the paramere 

Wo, rg. Ti: To, do. Qy, Aa and B. In practice we take only on 15 K Ti 

be non-zero and if the parameters of the form factors are e eo 

the same there are only five parameters U, W; 7, a and us cH 
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The numerical integration of a single second-order differential equation 
of the form arising in the optical model of elastie scattering may be done by 
using a series solution to calculate values of the wavefunction and its 
derivative at a small finite distance from the origin, aud then using an 
integration procedure such as the Runge-Kutta-Gill to advance step by 
step through the nucleus to the matching radius. Since only the logarith - 
mic derivative of the wavefunction is required at the matching radius the 
overall normalization of the wavefunction is irrelevant to the calculation. 
These techniques have been described in BMH. 

In the case of two coupled second-order differential equations, however, 
the integration requires the values and derivatives of both wavefunctions 
at a small finite distance from the origin, and although their overall norma- 
lization is irrelevant their relative value is not. For any arbitrary ratio 
the asymptotie boundary conditions will not be satisfied, yet a numerical 
value must be chosen before the integration can begin. The way out of this 
diffieulby is to perform the whole integration for two different starting 
values of the relative magnitudes of the wavefunctions and combine the 
two solutions in the linear combination that satisfies the boundary condi- 
tions. 

A similar procedure may be applied to solve eqns. (37); they are inte- 
grated numerically with four independent sets of starting values and the 
resulting solutions combined linearly to match the boundary conditions. 

Let h be some small value gr r, and put for convenience : 


Apes di Am Rapes aie ali rei 5 ot (5) 
and denote the ET of the four independent solutions by the 
subscript ¿= 1, 2,3,4. At the origin all the wavefunctions are zero and to 
obtain the four independent solutions each wavefunction is set equal to a 
finite value in turn, the remaining three wavefunctions being set to zero. 
Thus fj; 2 cô; at r=h, where c is a constant. 

The required solutions at the matching radius 7m are then 


4 


These satisfy the boundary conditions : 


f£ de =F (krm) 4-02 ,H (krm), 
Silm) = BZ,H (Erg), 

F3 a Ba; SH (E'rm), 

firm) = Bzj. 9H (e rq), 


together with four similar equations obtained by differentiating with respect 
to r before letting 7 — Tm- 

These eight equations suffice to determine the four A, and the four 
scattering matrix elements og, B3 B2, ,. 81,.,. In eqns. (47) k and k 
are respectively the wave numbers of the idee and inelastically scattered 
particles, H, — F,—iG, and F, and Q, are the regular and irregular 


(47) 
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Coulomb functions. These are defined in BMH and may be calculated 
by the methods outlined in that paper. The matrix elements oz, and £z, 
ete. are related to the S-matrix elements by a, =} (87, — 1) and ££, «57. 
This calculation is repeated for successive integral values of J until the 
a, and B7, become negligible so that additional partial waves no longer 
contribute appreciably to the calculated cross sections. 
The elastic and inelastic scattering amplitudes are then: 


Aq) =f,(0) + x Yexp (iew,)(2I + 1)(S4,—1)P,(cos 8), . (48) 
aul J 


TS 
AM(8) I (=) dexp [ilw p - ;)](2J + Sg). 


F NE ay 


Ja MSS eee 
«(=| ari] RPH), .o0. «9 


where J'—J —2, J, J 42, o,—0, —0,,0; being the Coulomb phase shifts 
(see BMH) and f,(8) is the Coulomb scattering amplitude 


0 : à 
f(0)2 — E: cosec? (5) exp ( — 22y log sin 40), --. (50) 
where the parameter y= ERE : 
ch 


The differential cross section for elastic scattering is then : 


dog 
4o ^ 40) ncc uc Me (DID) 
and that for inelastic scattering with the excitation of the 2+ state is: 
dos 
ae AL(Q) |2 5 
dd -3Me"0y (52) 
The total absorption cross section is: 
T c 
UA SU pH Drs (53) 
If the incident parti i j i 
EE nt particles are uncharged the total elastic cross section is 
T 
Ser = 19 2027 + 1)|1— S]? ze Nen OA) 
and the total cross section is: 
2a 
= — 9 
: on B ZH: 1)\(1—Re Sg). oe 6 6 on (G5) 
The total inelastic eross section is: 
2. 4k’ 
oO) Eme 
INT DUA 1)[SZ,.p, oer (5B) 
where 
J = 0,12 e eee (57): 
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$5. NuMERICAL WORK AND CHECKS 

In a calculation of this complexity it is essential to apply detailed and 
extensive checking procedures to ensure that no numerical or programming 
errors have been made. In the present work the formal manipulations 
were carried out independently by B. Buck, A. P. Stamp and G. Mandel, 
and the equations programmed independently by B. Buck for the IBM 7090 
computer at Oak Ridge and by A. P. Stamp and P. E. Hodgson for the 
Ferranti Mercury computer at Oxford. In the IBM 7090 code each 
differential equation 


dà (@P) 4A OVS, so RERO) 
of the coupled set was integrated using the two-point difference relation : 
fear) = [2 cz WK, (7) fal) — fa”) ar h*H,(r), 59) 


while in the Mercury code the Runga-Kutta-Gill integration method was 
used. These programmes were extensively compared with one another to 


Table 1. Comparison of matrix elements for the reaction °C (p, p')?C 
calculated with two independent computer programmes. In 
each case the value obtained with the Oxford Mercury computer 
is placed immediately above the corresponding value obtained with 
the Oak Ridge IBM 7090 computer. The parameters used in this 
calculation are: Zy— 15 Mey, E,—4-5 mev, U=50 mev, W =2 mev, 
Ty Tom 1:38, a=0:4F, Vo= V4,— 60ev. The step length of the 
numerical integration is 0-1 F 


7 
So 


0-246 —0-210 i 0-254 4- 0:175 i 
i 0-253 -- 0-177 à 


— 0:020 — 0-098 i 
= -12% 133 i | — 0-020 — 0-098 7 


— 0:027 4-0-134 i | —0-239+0-192 à 0:011 + 0:001 2 
— 0:028 4-0-134 7 | —0-239+0-191 7 0:011 4- 0:001 2 


ensure that the results agreed within the accuracy of the numerical methods 
used. A typieal comparison of matrix elements and differential cross 
sections for the reaction !?C (p, p’) 12C (first excited state) is given in tables 
l and 2. 

In addition, the following tests of external and internal consistency were 
made: 

(1) At low values of the coupling potential, the elastic differential 
cross section agrees with that calculated with the simple optical model, 
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and the inelastic differential cross section with that calculated using the 
distorted wave Born approximation. In these circumstances the inelastic 
scattering matrix elements are proportional to the coupling potential 
and the inelastic cross section is proportional to the square of the coupling 
potential. 


(2) If the imaginary part of the central optical model is zero then 


V'absorption m Cinelastic * 

(3) If the potentials VQ (r) for [2 J, J £2 in eqn. (37«) and the 
diagonal quadrupole matrix elements V.,,(r) in eqns. (376), (37c), 
(37 d) are set to zero the calculation is reduced identically to the DWBA 
and thus the scattering matrix elements are linear functions of the coupling 
strength and the cross section is proportional to the square of the coupling 
strength. 


Table 2. Comparison of differential elastic and inelastic cross sections 
for the reaction ?C(p,p')!?C calculated with two independent 
computer programmes. The cross sections are in the centre of mass 
system in millibarns per steradian and are expressed in floating point 
form (ie. 5:99,42 5:99 x 104). The corresponding absorption 
cross sections are 388-0 and 388-3mp for Oxford and Oak Ridge 


respectively. The parameters of this calculation are given in the 
caption to table 1 


j Elastic cross section Inelastic cross section 
CM 
Oxford | Oak Ridge | Oxford | Oak Ridge 
B 5-99,4 5-994 1-99,1 : 
25 4-33. 431.9 1-60.0 i 
45 PAS 113.2 9-61.0 9-51.0 
65 1741 173.1 6:30,0 6:29.0 
85 882,0 8-87.0 114.1 1-151 
105 2511 2-50.1 1-83.1 1-83.1 
125 1-76,1 1-751 1:551] 1-541 
145 6:40 6:45.0 9:550 9-41.0 
165 | 4-881 4-89.1 1191 1181 


§ 6. EXTENSION TO MULTIPLE ExorraTION 
The previous sections have considered onl 
lowest collective state. Essenti 


work. The relevant formulae are su 

We consider the excitation of the 2+ and 4+ 
and vibrational nuclei. The 4+ state is exci 
tion of two quanta and by the successive a, 


states of even-even rotat; 
ational 

ted both by the direct absorp- 

bsorption of two quanta in the 
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two-stage process 0*— 2*— 4*. For each value of J the set of coupled 
equations for both processes together is obtained by letting /' and J” take 
the values 2 and 4 in eqns. (7a) and (75). Assuming the spherically 
symmetric diagonal potentials VQ (r) for [=0, 2, 4, and l= J, J+2, J+4 
are all identical and equal to V we obtain the following equations: 


P- V + BIR) — SV orl PE) — SVMF) =0,- (000) 
where =J, J +2 and l"=J,J+2,J+4; 
[Tu= V- Ver) B efi) Ves fn 
= pu rr) etm Fir) =9, - (600) 
where l =J, J + a 
The following selection rules are seen to hold from eqns. (15), (42) and (66) : 
=J :V=J+2 and l"=J,J +2, 
E r) and "=J, J+2,J +4, 
Pj Lal af and U”=J,J—2,J—4. 
[T, — V — VO, (r) +B — eM ayer) — Vos) For) 
-XVPh nf n- XVm" To . (9 


where //— J,J +2, J +4. 
The corresponding selection rules are: 


VEJ 2 VHS, J E2 and M=J +2, 
=J+2: ’'=J,J+2 and "=J, J +4, 

V=J—2: V=J,J—2 and I"=J, J — 
=J+4:=J+2 and “=J+2, 

VaJ—4: V=J—2 and l"=J-—2. 

The matrix elements V(r) for the rotational and vibrational models 
are given by (42) and (43). The explicit forms for the coupling potentials 
between the 2+ and 4* states are tabulated in the Appendix. ‘The direct 
excitation matrix elements V(X,(r) between the 0+ and 4* states are 
obtained by extending the methods in $3. 

The two-quantum interaction operator is obtained by considering the 
next term in the expansion (20), i.e. 


(ES VH() X D248)Y?*(P)D24S)Yg*()) — . . (0) 
a UNI 
where 
Wc ER (ROR as Noe Reagent 
ere) e 


Coupling the D matrices and the spherical harmonies gives the following 
two-quantum interaction operator : 


Va(r, E) = ETT E) . . . . . (62) 
TAP) =i"), E . (5) 
To, £)- (Ey vus H(r(Di(S). (64) 
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The contribution to the central and quadrupole terms arising from (61) 
may be taken into account by slight variations in the distorting potential. 
This is adequate provided that detailed comparisons between the potentials 
in the present calculation and the equivalent elastic scattering optical 


potentials are not being made. 
Using eqns. (23) and (64) to evaluate (J'K'|T4(r, £) LK ) gives: 


; sugscopd BRN e V OUO E 
qum ry =(— yi r (=) agolo 65) 
Combining (12), (15) and (65) gives: 
| VO ol?) = VaH(r?! 7 Coco's vss OB) 
| 3/BRAN? V : 
Ves e) up Cm DL UE (67) 


À similar extension of $3.3 leads to (66) for the direct interaction operator 
! for the vibrational model but with 


| v= J (5) ES) 7. Bas o SOS) 


From (60a), (605) and (60 c) we see that there are nine coupled equations 
for the radial wave functions f? (r) and these can be solved for values of the 
radius parameter 7 less than the matching radius by extending the numerical 
methods given in §6. At the matching radius filr) is matched to both 
mgoing and outgoing waves and the functions Y(r) and :(r) are matched 


= to outgoing waves to obtain th teri ri J 
ES going e scattering matrix elements So, 82, and 81: 


So (tm)  F'j(Ergy) 4-308], — 1)H (krm), uc 7000) 
MA) = Sa HE rg) 8 ld, Ji a 2, Tm) 
Film) =SHH(k"tm); I2J,J42,J 4, . (71) 


The scattering amplitudes and cross sections for the elastic and inelastic 
scattering with excitation of the 2+ state are given by (48)-(57). The 
inelastic scattering amplitude for the excitation of the 4+ state is = 


] /L'Niu 
Aves (F) 2 exp [io + v) (2J + 1S, ( — yt Lexi]. 


ik 


(JM)! 
x Cin P} (cos)  . 72 
and the corresponding differential cross section : p 
do, 
—4 _ Sy] gare 
OM le e Sr 


The total inelastic cross section to the 4+ state is: 


" 


iar Ev 
TiN T CIWS pots (04) 


where 
J=0, Lo Sing dad Ore 
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$7. Some TYPICAL RESULTS 
The formalism and computer programmes described in this paper may 
be applied to analyse a wide range of experimental data on the elastic 
and inelastic (0+ — 2+) scattering of protons, deuterons, alpha-particles and 
other projectiles by even-even nuclei. Some of this work has already 
been published (Stamp 1962, Buck 1962, Temmer and. Blieden 1962), and 
more is currently in progress. No analyses of experimental data will be 


Fig. 1 


150) 


100 


50 
Calculated by strong coupling theory. 


Total inelastic cross-section in millibarns. 


Cross-section proportional to square 
of coupling potential. 


0 1000 2000 3000 4000 5000 
Square of coupling potential (V2)? 


Total inelastic cross section as a function of the square of the strength of the 
coupling potential for the reaction 2°Ne (p, p’) 2°Ne* at 14-2 mev. The 
parameters used in this calculation are U =50 Mev, W —3 Mev, 7) =1-3 F, 
&—0-4x*. The calculated cross section is closely proportional to the 
square of the coupling potential (dotted line) for 820-1 and for stronger 
potentials tends to increase less rapidly. 


given here, but the results of some calculations will be given to show in a 
general way how the observable elastic and inelastic cross sections depend 
on the strength of the coupling potential and on other parameters of the 
models. 

The calculations were made for the reaction 2°Ne (p, p^) ?°Ne* for a series 
of values of the strength of the coupling potential. ‘The other parameters 
are given in the caption to fig. 1. The resulting total inelastic cross sections, 
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elastic differential cross sections and inelastic differential cross sections are 
shown as a function of the strength of the coupling potential in figs. 1, 
2 and 3 respectively. Figure 1 shows that at low values of the coupling 
potential the total inelastic cross section is proportional to the square of 
its strength, a result expected from first-order perturbation theory. The 
elastic scattering is quite sensitive to the coupling potential, but in a way 


yy 
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Fig. 3 


100 


Vc = Strength of coupling 
30 0-24 Sem potential. 


Differential cross-section in millibarns per steradian 


B= Nuclear deformation 


0 20 40 60 80 100 120 140 160 180 
Centre of mass angle. 


Differential elastic cross section for the reaction Ne (p, p^) 7°Ne* at 14-2 mev 
calculated using the strong coupling theory. The overall angular 
variation of these cross sections is rather insensitive to the coupling 
potential, and for higher values attains a saturation value. The 
parameters of this calculation are as in the caption to fig. 1. 


Table 3. Inelastic cross sections. Comparison of the differential in- 
elastic cross sections in millibarns per steradian for the reaction 
76Se (p, p^) SSe” at 12 mev for real and complex coupling potentials 
assuming the rotational model with 8—0-19. 'The parameters 
used in this calculation are given in the caption to fig. 6. The 
imaginary component of the coupling potential was taken to be 
2-78 Mev 


Om Real coupling | Complex coupling 


Angle potential potential 

5 9:55 9:37 

25 8:50 8:33 
45 5:20 517 
65 3°73 3-78 
85 2-69 2-70 
105 2-54 2-59 
125 1:47 1-52 
145 1-70 1-66 
165 1-84 1.84 
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range, may thus be analysed to give quite a good value of the strength of 
the coupling potential and hence of the nuclear deformation f. 

The variations of the differential elastic and inelastic cross sections as 
functions of the strength of the imaginary potential W and of the nuclear 
diffuseness a are shown in figs. 4 and 5 respectively. The differential 
elastic scattering cross section in this case is particularly sensitive around 


Fig. 4 
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vibrational model and for the rotational model with prolate and oblate 
deformations. 

In all the calculations the coupling potentials Vog and V, have been 
assumed real, but there are reasons for expecting it to have an imaginary 
component (Stamp 1963). If the central optical potential is deformed 


Fig. 5 


Oiffuseness= a Cin GC, 


Differential cross-section in millibarns per steradian. 


010— —20 40 60 80 100 120 140 160 180 


Centre of mass angle. 


Differential elastic and inelastic cross sections for the reaction ?9Ne (p, p^) *?Ne* 
at 14-92Mev as a function of a, the diffuseness parameter. The 
imaginary potential, W=3 mev, and the other parameters are as in the 
caption to fig. 4. 


then we should include a complex term in the coupling potential. Table 3 
gives the differential inelastic cross sections for the reaction “Se (p. p’) *Se* 
with W, set to zero and to BRW/(a/47) = 2-78 mev in turn and it is seen 
that the effect of the imaginary component is small. Since the value used 
is an upper limit to Wo, the effect of making the coupling potential complex 
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in (p, p’) reactions is negligible. This may not be so for reactions involving 
helium-3 particles, tritons and alpha-particles because in these cases the 


Fig. 6 
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Differential elastie and inelastic cross sections for the reaction 76S 1) 6 
at 12mev for different nuclear models. The al ey - 
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respectively, and B=0 corresponds to the S ii eiormations 
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and B= +0-19. Mey, W=5 mev, a—0-55 F 
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ABSTRACT 


The jog theory of work hardening (Hirsch 1960) has been used to examine 
the effect of temperature on the work-hardening behaviour of ordered 
alloys, particularly the temperature Te at which the change in diffusion 
controlled flow occurs. The analysis shows that provided vacancies allow the 
destruction of the anti-phase boundary sandwich normally formed by moving 
jogs, then Te will occur at a lower fraction of the melting temperature for 
ordered alloys than for pure metals and disordered alloys. A linear relation 
between 1/Te and ln e is also expected. Support for the analysis has been 
obtained from experimental work on B-phase silver-magnesium alloys. 

A lower value of T'e is thought to be a general feature of ordered alloys and 
responsible for the change of slope observed in graphs of hardness as a function 
of temperature in many intermetallic compounds. 


$1. INTRODUCTION 


Ir is now known (Flinn 1960, Marcinkowski and Miller 1961, Vidoz et al. 
1963) that an alloy which possesses long-range order work-hardens more 
rapidly than the same alloy when it is disordered. Recently, Vidoz and 
Brown (1962) have extended the jog theory, developed by Hirsch (1960) 
and Hirsch and Warrington (1961), to the work-hardening situation in 
superlattice alloys. These workers point out that if a super-dislocation, 
which consists of two partial disocations in the superlattice joined by a strip 
of anti-phase boundary, is jogged, it is probable that the jogs on the super- 
partials will not form or move in line. When this happens a sandwich of 
anti-phase boundary will be created behind moving super-dislocations 
which will lead to an additional drag on the dislocation, and hence to an 
increased work-hardening rate in relation to disordered material. 

In their treatment Vidoz and Brown did not consider the effect of 
temperature in great detail. In this paper it is proposed to apply the 
theories of both Hirsch, and Vidoz and Brown, to the effect of temperature 
on the work-hardening rate in ordered alloys, and then to compare the 
results with observations which we have madeon B-phasesilver-magnesium. 
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$2. THEORY 
Following Hirsch and Warrington (1961), it is assumed that at low tem- 
peratures a dislocation containing jogs can be moved by the applied stress 
alone. If E is the energy provided by the work done by the stress 7, 
in moving the dislocation line forward a distance 5, then : 


7, = Ebl; = E[pv, Ee ee cse Db 


where 0?/;/p is the activation volume v, /; is the average spacing between 
jogs on the dislocation line and p is the size of the jogs in units of b. The 
drag on jogs at low temperatures is due to the finite possibility that by 
annihilating the vacancy or vacancies it has just formed, a jog will move 
back against the applied stress. At elevated temperatures this drag is 
greatly reduced because the vacancies are highly mobile and diffuse 
rapidly away. Under these conditions the rate of propagation of a screw 
dislocation is: 
bvexp — [By —5020p- [ETT ]fp, 


if Hy is the activation energy for self-diffusion, v is a frequency factor and 
Ta is the flow stress for the high temperature process. The factor b[p 
appears in the above expression since for each activation the dislocation 
moves forward by b/p. The strain rate is therefore : 


é— U'vpexp — [Ey — tbl p IT ]fp, Bo ep) 


4 


where p is the dislocation density, and by taking logarithms the flow stress 
at elevated temperatures is given by: : 


, 75 — [Epe] — ET In [v0?op- eM. 3) 
It follows that the critical temperature Te at w 


hich the chang iffusi 
+ ys, 1 3 : : 
controlled flow occurs will be given w m 


hen 7, — 75, SO that: 


(4) 


AE to account for the formation o 
However, it is not known w 


vacancies would be insufficient to 
In this case, the extra term AZ must 
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because of the vacancy concentration there will be a tendency for the jogs 
on the super-partials to align themselves so that the anti-phase boundary 
sandwich is no longer a necessary product of the moving jogs. In either, 
or both, of these circumstances AZ must be added to the expression for 7, 
alone and eqn. (4) will then become: 
Te= (Ey - (E AEypylteln (vb pe... - (9) 
It will be noticed from eqns. (4) and (5) that if the second mechanism 
discussed above is correct, then T'e for ordered materials should occur at a 
lower fraction of the melting point than in the disordered case, since in the 
theory for ordered alloys Te is reduced by AF[k ln vb*pp-!|e]|p. This 
conclusion involves the assumption that all the quantities in eqn. (5) are 
either dependent on, or invariant with, Tm. Most of the terms are invariant 
with Tm, apart from Ep, which does approximately vary with Tq. 
Equation (5) may be rewritten 
Toe k 
Te | Eg—(E-X AE[p) 
and there should be a linear relationship between 1/7’. and ln é for all 
ordered alloys independent of whether or not the vaeancies destroy the 
anti-phase boundary at high temperatures. 


[In (v62pp1) —1n €] 


$3. EXPERIMENTAL 


To examine the mechanical behaviour of ordered alloys with respect 
to strain rate and temperature, some alloys of silver-magnesium, having a 
composition in the B-phase field at room temperature, were tested. "The 
crystal structure of the B-phase (AgMg), ordered b.c.c., is stable up to the 
solidus temperature which is a maximum of 825°c at the stoichiometric 
composition. Theextent ofthe phase fieldis from 41 to 51 at. % magnesium 
at room temperature and increases with temperature up to 500°c where it 
extends from 40 to 65 at. % magnesium. 

Spectroscopically pure metals, supplied by Johnson—Matthey, were 
melted under purified argon in an Edwards vacuum furnace, stirred, and 
cast into ingots 4in. long by żin. in diameter. After homogenization for 
three days at 500°c, the ingots were machined into billets 1}in. by iin. 
diameter and then extruded at 500°c into wire 0-080in. diameter. All 
scratches and extrusion markings were removed from the wire by polishing 
with Sylvo polishing cream on a Selvyt cloth, and following this treatment 
cie E suitable for tensile testing were annealed at 500?c. "The 

ensile tests were carried out in an autographicall 'ding hard- 
tensile machine at strain rates of Eee. rec m pn 
respectively. 


$4. RESULTS AND DISCUSSION 


Tests were carried out at temperatures from — 196? to 650?c on 
alloys covering the complete composition range of the phase field. At 
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| iti rere ductile 
| temperatures greater than 200°c alloys of all ee ees 
| and elongations of 100% quite common. Hov ev e M IE e 
mens from alloys containing more than 50% ue Wc ue 
| brittle manner, the amount of ductility depending on st a 
| temperature but falling to zero for all compositions at tempera ce 
| 150°C (see fig. 1). Alloys containing less than 50% mem = 

some ductility over the complete temperature range Investigated. 


Fig. 1 
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The variation of flow stress with temperature for several 
The values denoted by A give the initial flow stres 
alloy, and those denoted Ov Eh A, © 
strain for 41-15, 49-25, 50-25 and 51-10 


B-phase AgMg alloys. 
S for a 49-25 at. 96 Mg 
and e, the flow stress at 3% 
at. % Mg respectively, 


In fig. 1 both the initial flow stress and flow stress value 
plotted for several alloys at temperatures up to 300°c, 
of course dependent on alloy compo 
of the compound deviates from tl 


of 3% strain are 
The flow stress is 


€ composition 


sition and increases as th 
ne stoichiometric value. 
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3% proof stress values obtained from an alloy containing 49:25% magnesium. 
It is apparent from figs. 1 and 2 that the flow stress becomes extremely 
sensitive to changes of temperature above a temperature Te which is 
independent of composition but dependent on strain rate. The use of 
flow stress rather than flow-stress ratios requires the assumption that the 
log term in eqn. (5) does not vary from specimen to specimen, and tempera- 
ture to temperature. Because of the method of preparing specimens it is 
thought that the log term will probably not vary from specimen to specimen, 
and the only factor to vary with temperature, perhaps, is p. Flow-stress 
ratios were used in the analysis by Hirsch and Warrington but even so they 
assumed an approximately constant p. 


Fig. 2 
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o — 1 LE 
-200 -100 o 100 


200 300 
TEMPERATURE °C 


The effect of strain rate on the flow stress versus temperature curve from an 
alloy of silver—49:25 at. % magnesium. The values denoted by W 
were obtained at all strain rates and those denoted by D, A and O 
at a strain rate of 10-5, 10-4 and 10-? sec-! respectively. 


A sudden change in the slope of the curves of flow stress versus tempera- 
ture was observed for all the alloys examined at each of the three strain 
rates employed. The effect is, however, more pronounced for the flow- 
stress values measured at 3% strain. This observation, combined with 
the fact that T's is independent of any deviations from the stoichiometric 
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onclusion that the change in flow behaviour 


composition, has lead to the c 
acteristics of the compound. 


results from a changein thework-hardening char 

The tensile curves showed no evidence of any yielding phenomenon, but 

for tests below T'e the rate of work hardening is much higher than in tests 

zy at temperatures above Te, as shown in fig. 3. If the true stress versus 

r true strain curve is described by a relation of the form c — Ke", then the 
work-hardening coefficient n is typically 0-25 at room temperature but 
only 0-08 at 200?c. 


Fig. 3 
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The compound would weaken as observed 
at the temperature Te. However, subsidi 
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The temperature at which a change in the slope of the flow-stress— 
temperature curve occurs may be taken as T'e and plotting the value for 
1/7. against Iné gives a reasonable straight line within experimental 
error for all the alloys, as predicted by theory. Figure 4 shows the results 
plotted in this way for an alloy containing 49:25% magnesium. 


Fig. 4 
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The variation of 1/T', with logarithm of the strain rate for an alloy of 
silver—49-25 at. 9 magnesium. 


The slope of the graph in fig. 4, which is 2-825 x 10-4/°c, gives a value 
of [Ey — (E + (AE/p)}], equal to 0-25 ev, and since the measured value of 
Ey for AgMg alloys is 1-9ev (Westbrook and Hagel 1961), the value of 
H+ (AB/p)=1-65ev. An estimate of AE can be made by considering the 
energy to create a sandwich of anti-phase boundary (Vidoz 1960), since if 
the jog moves a distance b the energy required to form the sandwich of 
width W is: 


Werf n o o 9 c. 9 0S (6) 


where Epp) is the energy of unit area of an anti-phase boundary. TRO 
width of the sandwich is given by W=b?/2 Ep» and therefore AE is 
UD3[m, which is about 2 ev. 
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The value of Te obtained in the present experiments allows an estimate 
of AE[p, since whereas for AgMg Teis 0-4 to 0-45 of the melting tempe 
Tm, in pure metals it is 0-657. This difference in the value of Te for 
ordered and disordered alloys follows from eqns. (4) and (5) and AZ/p an 
be obtained by solving two simultaneous equations set up for T'; — 0-657, 
y and 0-457, respectively. The solution leads to a value AE |p= 0-24 ev, 
f and hence p must be of the order 8-10. 

The lowering of Te due to the formation of the anti-phase boundary 
sandwich was not considered by Vidoz and Brown (1962). Previously it 
was believed that the increased work hardening which results from the anti- 
phase boundary sandwich would be important to high temperatures, but 
the present results on the tensile behaviour of silver-magnesium alloys 
a indicate that itis quite likel y that this hardening mechanism is unimportant 
A above a temperature Te equal to 0-457. This conclusion is supported 
i by the fact that the hot-hardness results from intermetallic compounds 
ey * (Westbrook 1956, 1957 a), almost all display a change in slope of the hard- 
ness versus characteristics as a function of temperature and may be 
attributed to a change in the work-hardening behaviour of these inter- 
metallic compounds. By contrast, hot-hardness measurements on 


disordered ereep resistant alloys (Westbrook 1957 b) show a change in 
slope at 0-657 


m. 
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ABSTRACT 


The annealing kinetics of quenched-in vacancies in 99-999% Au for 
quenches from 700°c and 800?c were studied in pure helium atmospheres 
and in 80% helium, 20% oxygen atmosphere. It was found that divacancies 
played the major role in quenches in a pure atmosphere, whereas under 
the same quench and anneal conditions, but with oxygen present, single 
vacancies were observed with a shift in Ey from 0-62 ev to 0-80 ev upon 
addition of the oxygen. A mechanism to explain this behaviour is intro- 
duced and past work is interpreted in light of the prosent findings and the 
proposed mechanism. An estimate of the minimum solubility of oxygen 
in gold at S00?c is given as 5 x 10-5 atomic fraction. 


$1. INTRODUCTION 


One of the techniques used to study the thermodynamics and kinetics 
of vacancies involves the measurement of residual resistivity quenched-in 
after equilibration at high temperatures and the subsequent removal of 
the residual resistivity on low temperature annealing (Van Bueren 1961). 
This technique should be sensitive to vacancy concentration changes 
i because vacancies are likely to be the preferred defect at elevated tempera- 
tures (Huntington and Seitz 1942, Feder and Nowick 1958). However, 
residual resistivity is also sensitive to other point defects, such as impurity 
` atoms. Although this fact is universally accepted it is not universally 
taken into account in measurements of residual resistivity. 

Recent measurements of residual resistivity in silver (Cuddy and 
Machlin 1962, Doyama and Koehler 1962) emphasize the importance of 
preventing the introduction of impurity atoms into specimens from the 
atmosphere during the test procedure. Inasmuch as previous measure- 
ments of residual resistivity in quenched gold (Bauerle and Koehler 1957) 
were on specimens heated in air at elevated temperatures, it was deemed 
worth while to evaluate the effect of the atmosphere surrounding the 
specimens on the quenched-in residual resistivity in gold and on kinetics 


of removal of this resistivity on low temperature annealing. 
xau E ET 


T This paper represents an. M.S. thesis. 


cepa 


p ER EE 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
ae . ^ ] . p . ^ ; al 7 
i 1836 On Quenching-in of Point Defects in Degassed Gold 


§ 2. PROCEDURE 


The gold which was used for specimens was obtained from Sigmund 
Cohn Corp. as 99-999% pure 0-002 in. diameter wire. cet 

The entire procedure used in the present study has been extensively 
described by Cuddy (1961), especially with regard to limitations of the 
procedure. The important aspect of this procedure, which differs from 
previous studies by others of gold, is the provision of a gettered helium 
atmosphere during homogenization, equilibration, quenching and anneal- 
ing. Not only does this procedure eliminate atmospheric contamination 
by oxygen, nitrogen and hydrogen but it also acts particularly to purify 
the gold wire of these gaseous constituents. In this respect it should be 
noted that the gold wire was also held in a vacuum of 10-? torr while at a 
temperature of 300°c for 24 hours prior to treatment in the helium 
| ri atmosphere. This vacuum degassing procedure also acted to purify the 
gold of gaseous contaminants. 

After completion of studies in the pure helium atmosphere the system 
was evacuated and refilled with an 80 volume per cent helium, 20 volume 
per cent oxygen mixture and studies were then continued. 


$3. RESULTS 

3.1. Quenched-in Resistivity 
Quenching studies were performed in 
obtain resistivity data as a function of the quench temperature. It was 
found that the increase in resistivity due to quenching from temperature 

T' in the range 650° to 750°c varied as ; 

Ap — 5:3 x 10-4 exp (—0-96/47) ohm cm. 

(Bauerle and Koehler 1957 reported 


à pure helium atmosphere to 


that for their tests 
Ap — 4-9 x 10-4 exp (—0-98/k7") ohm em). 


3.2. Annealing-out of Quenched-in Resistivit 


y for Tests in Pure Helium 


| Atmosphere 

^ 3.2.1. 800°C quench temperature 

i . Annealing-out curves for this quench temperature are shown in fig. 1 
l Activation energy measurements were made both by the ] s 

I method and by comparison of isotherma] NC The ae s 
| energy measured, E..— 0:56 + 0. i ; d 


of evaluation. It is import 


3.2.2. 700°C quench temperature 


Figure 2 shows typical results obtained fo 


r the 7009c 
runs. ‘These curves do reveal a delay period (an sae ES M 
observed by Bauerle and Koehler (1957)) and the activation energy ane 
e 
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Annealing-out of quenched-in resistivity. Atmosphere: helium; quench 
temperature : 801°c; Ap,: quenched-in resistivity ; Ap;: resistivity 
remaining after annealing time f. 


Fig. 2 
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Annealing-out of quenched-in resistivity. Quench temperature: 700°e ; 
anneal temperature : 60°C ; atmosphere: helium. 
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annealing-out subsequent to the delay period varied from 0-58 to 0-67 ev. 


'The uncertainty in these measurements by the slope-change method is 
+ 0:06 ev. 


3.2.3. 600°C quench temperature 


One run was made from this quench temperature. The annealing-out 
data for an anneal temperature of 83?c are shown in fig. 3. 


Fig. 3 
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Annealing-out of quenched-in resistivity. Quench temperature: 607°C ; 
anneal temperature : 83°c ; atmosphere: helium. > 


Fig. 4 
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3.3. Annealing-oul of Quenched-in Resistivity for Tests in an 80% He-20 9505 
(by volume) Atmosphere 
3.3.1. 800°C quench temperature 


Figure 4 shows the annealing-out curve for this condition. A delay 
period is now revealed and the slope-change activation energy is 
0:57 + 0:06 ev measured subsequent to the inflection point in the curve. 


3.3.2. 700°C quench temperature 


Figure 5 illustrates the annealing-out curve for this condition. The 
pronounced S shape is not apparent and the measured activation energy 
is 0-80: 0-06 ev. The mild S shape behaviour revealed in fig. 5 does not 
correspond to the marked S shape shown in the work of Bauerle and 
Koehler (1957). (The activation energy subsequent to the inflection 
point is for single vacancy and not divacancy kinetics.) However, it is 
real and reproducible. 

Fig. 5 
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Annealing-out of quenched-in resistivity. Quench temperature: 701°C ; 
atmosphere: 80% He-20% O, by volume. 


§ 4. Discussion 


Data for the half-time (time to decay 4 of original quenched-in resis- 
tivity), quarter-time and activation energy for all the tests conducted 
are collected in the table. 

Also, a partial summary of the present data and some of the data of 
Bauerle and Koehler (1957) are given in figs. 6 (a)-(c). i 

Two conclusions may be drawn from a comparison of these data. 
First, the type of annealing behaviour of our specimens held in the oxygen 
containing atmosphere is the same as that observed by Bauerle and Koehler 
(1957) for each quench temperature. That is, for the 800°c quench 
temperature there is a delay period followed by divacancy annealing 
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kineties for both our tests in the oxygen containing atmosphere oe pe 
tests of Bauerle and Koehler (1957) conducted in air. Also, for oe : the 
tests conducted in oxygen as well as in air, annealing after a quench as 
4 700°c shows only single vacancy kinetics as indicated by an activation 
energy of 0-Sev. There is a difference in the half-times for these two 
F s, i i t. A possible explanation will 
f i cases, but not in the mode of annealing-out. A pos XE 
i be given for this later. 


Annealing data 


| 
uench : i Anneal ty.25 tons 7 p 
m (°c) Dg temp. (°c) (min) (min) Ew (ev) 
M 607 Helium 83 276 — 
b 693 Helium 61 99 0-61 
Y. 696 Helium 61 88 0-62 
Ns 700 Helium 60 91 0:67 
700 Helium 60 83 146 — 
700 Helium 90 . 51 108 — ! 
722 Helium 55 90 0:58 
801 Helium 42 2] 0-56 
801 Helium -  (Q 6:5 0:56 
607 0*8 He-- 0-20, 60 180 — 
701 0:8 He+0-20, 60 159 0-80 
814 0:8 He+0-20, 61 17-5 41 0:57 
RU Su Lo 04 5. C Me e de 


The second conclusion that may be dr 
curves in fig. 6 is that the relative degree of purification achieved in the 
specimens tested in the pure atmosphere as compared to the oxygen 
containing atmospheres has not only shifted the annealing-out ue 
to shorter times and lower temperatures but it has also eliminated the delay 
| period for quenches at and above 800°c. The minimum quench tem i i 
A observed in which the annealing-out curve reveals a delay period ES ae 
! period in which the activation energy is in the range d ioe is 
been decreased from about 800?c in the Oxygen containin ^ m 

g atmosphere to 


1 700°c in the purified heliu i 

H m atmosphere. Similar i 

| quench temperature for w r a eee o 
| 


awn from a comparison of the 


hich annealing-out o 


is as follows. Oxygen ( 
attract vacancies. 
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probability of a vacancy colliding with another vacancy is much higher 
than that for a collision with a dissolved oxygen atom. ‘Thus, the expec- 
ted rate-controlling process during subsequent annealing-out is expected to 
be the migration of divacancies. It is believed that this situation exists 
for quenches from and above 800?c in the purified helium atmosphere. 
However, if the concentration of dissolved oxygen atoms exceeds the equi- 
librium concentration of vacancies, then the probability will be greater 
for the migrating vacancy to collide with an oxygen atom than with another 
vacancy. Ifthe vacancy remains bound to the oxygen atom for some time, 
which is much smaller than the time to migrate to a sink, then the latter 
process will be rate-controlling. However, under these circumstances it 
appears necessary to require the dissolved oxygen atoms to also act as 
traps for divacancies which have the additional property of evaporating 


single vacancies at a higher rate than divacancies (that is, the binding 


energy between a dissolved oxygen atom and a divacancy must be higher 
than for a vacancy-oxygen complex and a single vacancy). These 
requirements are very reasonable. It is believed that the latter situation 
exists for quenches from and below 600?c in the purified helium atmosphere 
and from and below 700°c in the oxygen containing atmospheres. 

In any case, the explanation of Koehler et al. (K-S-B) (1957) for 
Bauerle and Koehler's (1957) results must be now discarded. They proposed 
that the transition of divacancy to single vacancy kinetics that occurred in 
Bauerle and Koehler's(1957)experiments between quenches from 800?c and 
700°c in air was a consequence of the possible lack of formation of sufficient 
divacancies after quenching from 700°c. As our experiments show, 
this transition temperature can be lowered by decreasing the dissolved 
oxygen content. Hence, it is not likely that the transition has anything 


‘to do with the relative concentrations of vacancies and divacancies but, 


rather, it is determined solely by the presence of oxygen. In fact, we 
observe divacancy kinetics from the very start of annealing-out at quenches 
from 800?c in the pure atmosphere, whereas single vacancies are required 
to be the predominant defect at this stage in the intérpretation of K-S-B. 

On comparison of the curves in fig. 6, it appears that the relative 
purification achieved in our experiments in purified helium relative to 
those in 80 vol. per cent He 20 vol. per cent O, has shifted the observed 
transition downwards by about 100°c. The calculations of K-S-B may 
be used to estimate a maximum value for the divacancy binding energy 
(even though the transition has nothing to do with the process they 
consider). Our data shift their estimate upwards by 0:05 ev. That is, 
according to their analysis H,,>0:2+0-05ev. More recent calculations 
have been made by Fujiwara (1960) and, according to his calculations, to 
obtain the ratio of the concentration of vacancies to divacancies less than 
0:01 for a quench from 800°c requires Ap > 0:3 ev. Our data for a quench 
from 800°c in purified helium atmospheres reveal no delay period (a very 
small concentration of single vacancies) and therefore these data require 
Ey > 0:3 ev in gold, according to Fujiwara’s calculations. 


P.M. ~ A 6H 
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Fig. 6 (continued) 


QUENCHED FROM 700, 800,900°C 
ANNEALED AT 40°C 


6 
Ap; 
^pa 4 
ze 
Varr CRE NS YIM Pill Eee eee 2 
o LES fi it (Sass 
[9] 20 40 60 80 100 120 140 160 180 200 
TIME. (HRS) 
(c) 


(a) Effect of atmosphere on annealing-out kinetics for quenches near 800?c. 
(Data from fig. 9, Bauerle and Koehler 1957.) (b) Effect of atmos- 
phere on annealing-out kinetics for quenches at 700°c. Anneal 
temperature: 60°c. (Data from fig. 7, Bauerle and Koehler 1957.) 
(c) Reproduction of fig. 9, Bauerle and Koehler (1957). Atmosphere: 


air. 


It should be noted that as a consequence of the proven existence of an 
effect of the atmosphere on annealing-out kineties in gold and the likely 
result of a binding between dissolved oxygen and vacancies (or divacancies) 
interpretations of pulsed heating experiments in terms of divacancy 
binding energies must be cautiously made. For example, we predict 
that for quenches from 700°c in air followed by pulse heating experiments 
one is likely to measure both the binding energy between vacancies and a 
vacancy-oxygen atom complex and the binding energy between the 
vacancy and an oxygen atom. This prediction is based on the likelihood 
that both complexes exist after some time of initial annealing-out. It 
should be possible to observe these effects only by resistivity increments 
just after pulse heating. There should be no change whatsoever in the 
type of annealing-out following pulse heating for these specimens. That 
is, single vacancy annealing-out kineties should still be observed. 

On quenching from 800?c, according to the present model, a large 
fraction of divacancies to single vacancies (> 10) must exist at the start 
of annealing-out to have no delay period in the divacancy annealing kine- 
ties in the purified atmosphere. However, for quenches in oxygen con- 
taining atmosphere from 800?c there is a delay period. Itis believed that 
this delay period is a consequence of the presence of a concentration of 


6H2 
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oxygen of the order of the vacancy concentration at 800. pn acts to 
trap all the divacancies formed during the quench from 800°c. 
If the probability of a vacancy colliding with an oxygen atom is equal 
to it colliding with another vacancy, both divacancies and vacancy- 
oxygen complexes will be formed in equal numbers. The divacancies will 
rapidly migrate and have a very high probability of colliding with either 
a free oxygen atom or a vacancy-oxygen complex. In the former case 
it could be effectively trapped and, as discussed previously, the new 
divacancy-oxygen complex might only emit single vacancies rapidly. In 
the latter case, evaporation of a divacancy from the tri-vacancy-oxygen 
complex is likely : (Er +Ænp is least for the evaporation of a divacancy). 
However, the evaporated divacancy has a high probability of colliding 
with a single oxygen atom before it can reach a sink. Thus, in the initial 
course of annealing-out the number of.free oxygen atoms decreases, 
vacancy-oxygen complexes increase, and few divacancies reach sinks. 
When the probability of a collision between a divacancy and a free 
oxygen atom becomes less than that between a divacancy and a sink, 
then the divacancy concentration may begin to decrease permanently. 
It is possible that the number of free oxygen atoms decreases very 
rapidly—perhaps even to a negligible number during the quench itself. 
Because any evaporation of vacancies from vacancy-oxygen complexes 
produces free oxygen atoms it is difficult to see how it will be possible for 
the probability of collision between a divacancy and a free oxygen atom 
to become less than that for a collision with a permanent sink. One 
EM ee 
with their associated vacancies el Dn A RE temperature. to migrate 
tration of free oxygen atoms SE d Sub a _ In this case, the concen- 
will have a higher probability of nee and the evaporated vacancies 
canica dhan AI ES y Ol coiidmg with each other to form diva- 
: ree oxygen atoms. The divacancies so formed will 
pa: a higher probability of colliding with a sink than with a free oxygen 
atom and so can be eliminated from solution aecording to divacancy 


kinetics. It is also possible th 
is e at the oxygen cluster, 
nucleation sites for vacancy cluster dE Cb RE 


divacancy-oxygen complexes which collide in t 


vacancy cluster. Thus, according to this model, the delar 
to the time required to precipitat 7 


of collision of a vacancy or a divacancy with an ox, 


a sink. 

On the basis of the above model the fo 
made for pulse annealing experiments, Fo 
from 800^c in air, pulse annealing after 


llowing predictions can be 
r gold. Specimens quenched 
a very limited anneal in the 
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delay period should result in the break-up of the various complexes. 

Thus, the initial resistivity just after the pulse anneal should be higher 

than just prior to the pulse anneal. However, the subsequent annealing- 

out kinetics (presence or absence of a delay period) should not be markedly 
affected. Because it is likely that there will be about an equal number 
of vacancy-oxygen, divacancy-oxygen complexes and divacancies, pulse 
annealing in the initial portion of the delay period at a sequence of 
higher temperatures should show at least three stages of increments of 
resistivity. Further, the relative magnitude of these stages should 
change with the time in the delay period until the divacancy dissociation 
comprises the major stage. However, dissolution of the oxygen cluster 
should lead to another stage with a variable activation energy. 

The explanation we propose for the observed difference in half-time 
for annealing out between our experiments in 80% helium—20% oxygen 
and those of Bauerle and Koehler (1957) in air, with other conditions 
the samet, is that gold must have some solubility for nitrogen (and 
perhaps hydrogen) as well as for oxygen. Consequently, Bauerle and 
Koehler's (1957) specimens must have contained more dissolved atmos- 
pheric impurity atoms than ours contained oxygen and hence, Bauerle 
and Koehler’s (1957) specimens should reveal longer half-times, as 
observed. : 

Müller (1959) has noted that platinum dissolves oxygen. It is 
therefore likely that the annealing-out studies for platinum (Bradshaw 
and Pearson 1956) are oxygen sensitive. 

On the basis of the above model the solubility of oxygen in gold at 
800°c is about the same value as the vacancy concentration. The 
latter quantity can be estimated using the quenched-in resistivity and 
a calculated resistivity per vacancy or can be estimated from a comparison 
of the lattice parameter and volume expansion dependencies on 
temperature. The former method as summarized by Simmons and 
Balluffi (1962) yields a value of 6x 10-5 and the latter a value of 10-4 
vacancy. concentration at 800°C. Conservatively, the oxygen solubility 
at 800°c is estimated to be larger than 5 x 10-5 atom fraction. 


$5. CONCLUSIONS 


. Oxygen in solution in gold is responsible for the delay period in 
the annealing-out kineties observed after a quench from 800°¢ in air. 


2. Oxygen in solution. in gold is responsible for the single vacancy 
annealing-out kineties observed after a, quench from 700?c in air. 


; On removal of oxygen from gold, the annealing-out curves mentioned 
in 1 and 2 obey divacancy kinetics. 


f Although our specimens are thi 
two investigations differ, the quenc 
quenched-in from th 


nner and the quenching methods for the 


ched-in resistivity data show equal values 
€ same quenching temperature. 
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4. It is possible that nitrogen (or some other atmospheric impurity) 

may dissolve in gold. 

5. The solubility of oxygen in gold at 800°C is probably at least 

5 x 10-? atom fraction. 

6. It is likely that platinum annealed in air contains oxygen and that 
the annealing-out kinetics of specimens equilibrated in air are 
markedly affected thereby. 

. The divacancy binding energy in gold is likely to be larger than 
0:2 ev. 
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ABSTRACT 


Zine single crystals with 30°<y<60° have been fatigued at room 
temperature using direct stresses. The number of cycles to failure was 
dependent on the resolved shear stress on basal planes. Detectable cracks 
formed very late in the fatigue life and led to cleavage failure ; it is suggested 
that the development of crystallographic notches by basal slip is the process 
that determines fatigue life. Some prismatic slip, <1120>{1010}, was 
observed. Cyclic stressing produced considerable hardening with flow 
stresses in the range 1:5-3-5 Kg mm-*? r.s.s. (corresponding to fatigue 
failures in 109-10? cycles at 100 c/s). It is considered that this hardening 
results from a dynamic equilibrium between the continuous generation by 
fatigue of defects (vacancies, dislocation loops) and their disappearance by 
annealing. Crystals fatigued at 78°x did not achieve such high stresses 
because crystallographic notching was severe and readily initiated cleavage. 
Crystals with an initial flow stress of 1-3 Kg mm-? r.s.s. produced by fatigue 
at 78°x were hardened by resting at 195?x. This supports the view that 
a dynamic hardening mechanism is appropriate to describe fatigue of zinc 
crystals at room temperature (0-47 m). 


$1. INTRODUCTION 


Schmid and Fahrenhorst (1931) found that during alternating torsion 
of zinc crystals considerable hardening occurred followed by an apparent 
softening which has not yet been satisfactorily explained. Crystals 
tested in tension after many cycles of torsion of 4 4? gave initial yield 
stresses of the order of 1 Kg mm-?. In other torsional fatigue experi- 
ments Gough and Cox (1929) showed that basal slip and twinning occurred 
in zine crystals and that failure took place along the basal planes of matrix 
and twins. Crystals with the orientations [0001], [1010] and [1120] 
have been fatigued in rotating cantilever tests at room temperature by 
Yamamoto and Watanabe (1960). Stresses of between 1 and 2Kgmm-? 
were attained in establishing S-N curves and it was concluded that the 
endurance limits (10? cycles) corresponded to the minimum stresses for 
which slip or twinning occurred in crystals of these special orientations. 
Parker and Fegredo (1960) have reported the development of cracks 
presumed parallel to basal planes in crystals subjected to an alternating 
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shear stress at room temperature. Zinc crystals have been fatigued in 
push-pull at 70°K by Fegredo and Greenough (1958), but no irpeulics 
were obtained at constant stress amplitude after many cycles. There 
was surprisingly no report of the distribution of slip resulting from 
fatigue and no evidence was obtained concerning the mechanism of the 
failures that occurred during loading. The stresses attained corresponded 
to shear stresses of around 1 Kgmm-? on basal planes. 

The present work was undertaken to determine the fatigue properties 
of zine crystals in the range 70-293? with the object of exploring the 
temperature range in which a transition from ‘low’ to ‘high’ temperature 
fatigue might be observed. 


$2. EXPERIMENTAL TECHNIQUES 


Crystals were grown in vacuum from high purity zinc donated by 
Chas. Clifford Ltd. and had the analysis (weight per cent)—0-0001 % Pb, 
0:0001% Ag, 0:0001% Cd, 0:0003% Cu; Fe and Sn not detected. (The 
analyses were kindly provided by the National Smelting Co.) Crystals 
of any desired orientation could be produced by seeding and allowing 
growth to proceed round a bend in the precision bore glass tubing used. 
Gauge lengths, approxi mately 4mm diameter x 10 mm long, were machined 
in the 10mm diameter crystals using a technique previously described 
(Broom and Summerton 1959). This provided specimens which could be 
mounted in collets for fatigue testing in an Amsler Vibrophore direct 
stress machine modified for single crystal work (Broom and Ham 1959). 
ud prior e ene the gauge lengths of crystals were polished 
ee Se me 2 D m ME 33% ethyl alcohol, 40% concentrated 
cu S E 2 /o hydrogen peroxide. The Vibrophore was 

c/s and for tests at low temperatures, or for 
quenching a Specimen to a low temperature, a can t 
was fitted to surround the specimen. 
were found to be about 100 times the initi 
and the initial energy absorption duri 
prevented, in the (resonance) fatigue mac 


j hine, the rapid attai 
desired stress and it is important to em : pid attainment of the 


Basal slip (0001) [1120] was the dominant m 
T-N curves are given in terms of maximum sh 
slip direction in the basal plane ; where ap 
made to direct stresses Some tensile tests i 

; 1 : Were carried out usi 
hard-beam Polanyi-type machine to which specimens could be tr e d 
without a change in temperature. p d 

orme 
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to determine hysteresis loops during fatigue and for this purpose a dynamic 
extensometer was constructed using bowed brass strips clamped to the 
specimen grips. The use of strain gauges on the inner and outer surfaces 
of these strips and on the dynamometer of the fatigue machine made it 
possible, after suitable amplification and phase-angle corrections, to 
display hysteresis loops on a C.R.O. 


$3. RESULTS 
3.1.. Fatigue at 293°K 
Results obtained at 293?x, 100c/s, for crystals with y in the range 
30-60°, are shown in fig. 1. It will be seen that with the exception of the 
results for crystals of orientation y= 30?, A=41° (oriented for symmetrical 
slip in two directions in the basal plane) there is a dependence of fatigue 


Fig. 1 


RESOLVED SHEAR STRESS, kg .mm~ 


4 
IO 10° 10° 


LOG. CYCLES 


Zine crystals fatigued at 293°K and 100 c/s. The arrows denote specimens 
that did not fail in the gauge length. 


life on maximum shear stress in the slip direction in the basal plane 
irrespective of orientation. Some crystals with y=A=17° were fatigued 
but basal slip was constrained by the specimen grips and therefore the 
results could not be compared. Specimens with y=A=77° usually 
fractured in the grips on increasing the stress. Results from a few 
experiments in which the frequency was 50 c/s are given in fig. 2, and 
comparison with fig. 1 will show that the curves would approximately 


superimpose if replotted on a time-to-fi i i 
: pas -to-fracture basis, this apparentl 
being one characteristic of “high temperature’ fatigue PP y 
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In all cases the fatigue test was terminated Bbrupiy E sees 
es n" i Y y ava. 
crack parallel to the basal plane in crystals with X2 42 and : y F ue E 
parallel to a prismatic {1010} plane for crystals with y=1 i : el s 
with x — 30? and 32° usually fractured across a basal ed u m a 
| at i IK "Uv Bl at. al PEE 
j those fatigued at high stresses fractured partly on prismatic p 


TA 
Fig. 2 
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3:0 
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RESOLVED SHEAR STRESS, kg. mm 


104 10° 10° 


LOG. CYCLES 
Zine crystals fatigued at 293°x and 50 c/s. 
giving stepped fractures. 


It was verified that fractu 
planes were not in fact ba 


res on prismatic 
sal cleavages in twins. 


Examination of the 


glide ellipse except in the 
crystals oriented for symmetri i 


was displaced to coincide approximately 
slip displacement. It was not possible wi 


tive slip 
: verified by observation of river markings. 
1 


| All specimens exhibited dense basal slip along their 
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typically around 1 Kgmm-?. Specimens oriented for double slip showed 
an even distribution of slip with azimuth, indicating that two basal slip 
systems had been operative. A taper section technique showed that 
the maximum displacement due to basal slip was ~5p. Electron 
micrographs taken by the use of shadowed carbon replicas revealed 
very fine basal slip and some non-basal slip markings. Non-basal slip 
markings were only observed optically on the gauge lengths of crystals 
with y=17° and it was readily established that these were traces of 
(1010) prism planes. Traces observed with the electron microscope 
were consistent with this identification, although the azimuth for a 
particular replica was uncertain by about 10°. 

Only in one instance in a fractured crystal was any indication of a 
fatigue crack seen during microscopical examination of the surface, 
probably because the scale of slip rendered detection of small cracks 
difficult and there were certainly no large cracks. Attempts were made 
to detect cracks by repolishing the surface of broken crystals, but if 
sufficient material was removed to make the surface reasonably smooth 
presumably all cracks were also removed. Cracks were only found by 
a taper section technique whereby a flat was polished on the cylindrical 
surface of a specimen at a point where cracks were believed to initiate 
and also by sectioning the crystal in a diametral plane including the 
operative slip direction. (In this metallographic work, the surfaces of 
broken specimens were protected by electroplated zinc.) It was confirmed 
that cracks formed and grew on basal planes, but it was surprising how 
few cracks were detected along the gauge lengths of broken crystals— 
it not being unusual to fail to find any crack in a given specimen. From 
a very limited number of observations, the maximum crack length in 
crystals with y=32° was about 250, and in crystals with y=53° about 
25. Priestner and Louat (1963) have considered the propagation of 
an inclined crack taking into account the shear stresses and have derived 
a criterion similar to that of Griffith. Using a value of 950ergscm-? 
for the surface energy in order to obtain a critical crack length of 25, in 
crystals with y=53°, the criterion predicts a critical length of 92 for 
cracks in erystals with y=32°. This is not too different from the observed 
value of 250 u having regard to the limited number of observations. 

Other evidence for the lack of many large cracks at a substantial 
fraction of fatigue life is given in fig. 6 where it is shown that plastic strains 
of about 10% can be obtained in extending crystals at 78?x after about 
50% of their probable life at 293?x. 

The sound of twinning (clieks) was heard intermittently during the 
fatigue of specimens of all orientations, but only crystals with x-—17? 
and the majority of crystals with x —30? and 32° exhibited twins on 
their gauge lengths. Examination of the ends of specimens showed that 
many twins formed where the heads were gripped by the collets. In 
crystals with y=30° and 32° twins occurred most abundantly near the 
ends of the gauge lengths. Twinning was not thought to play a major 
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part in the fracture of crystals (with the exception of those with y= 17 °) 
because the cracks that were observed were not associated with twins, 
and twins were found not associated with cracks. Finally, crystals 
with yin the range 30-60° had similar properties whether their orientation 
was such that twins were formed or not. The twins that were found 
were analysed and it was shown that the twinning planes did not contain 
an active slip direction (as previously discussed by Bilby and Entwisle 
(1954) for tensile deformation) and that the twins had formed in tension. 
The resolved shear stress for twinning was greatest on the observed 
twinning planes only for the crystals with y=30°, oriented for double slip. 

A few crystals with x —32? were alternately fatigued for 25% of their 
probable life and allowed to recover in the fatigue machine to an extent 
corresponding approximately to a drop in yield stress of 75%. This 
resulted in a small drop in total life compared with specimens fatigued 
without interruption. A few experiments were also carried out on 
specimens coated with a butyl rubber that had been found to increase 
significantly the life of aluminium alloy specimens, presumably by exclusion 
of water vapour (Broom and Nicholson 1960). The average life of the 


coated zine specimens was approximately only 309/ greater than that of 
the uncoated specimens. 


3.2. Fatigue at 78°K and 195?x 
Results at 78°k were similar to those reported by Fegredo and 


fluctuations in absolute stress level. A 
K, but despite a few premature 
These results 
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towards inhomogeneous distribution of slip. Electron micrographs 
from crystals with y=32° showed non-basal slip markings after fatigue 
at 195?x. Only basal slip was detected in crystals fatigued at 78^K. 


Fig. 3 
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Fractures during alternating stressing at 195°x and 78?k. Arrows pointing 
left denote fractures that occurred while the stress amplitude was 
increasing. Arrows pointing right denote specimens that did not fail 


in the gauge length. The 7-N curve for crystals fatigued at 293°K 
is given as a broken line (from fig. 1). 


The characteristics of the cleavage fractures were similar to those described 
for crystals fatigued at 293°x, but it was much more difficult to identify 
a crack nucleus that had preceded the final cleavage crack. 


3.3. Hardening of Crystals by Fatigue 


The progress of hardening at 293?x was followed by tensile testing at 
78°K (to avoid complications due to recovery the specimens were rapidly 
cooled by liquid nitrogen when the fatigue machine was stopped). 
Hysteresis loops were also measured. during continuous cyeling. Examples 
of results are given in fig. 6. (It should be remembered that the number 
of cycles quoted refers to cycles of maximum stress amplitude following 
the slow increase of amplitude.) There is, typically, am initial stage 
amounting to ~ 3 x 10* cycles (for a probable life of 3 x 10°) when hardening 
continues at constant applied stress, and thereafter the yield stress of 
the crystals remains substantially constant. The same initial stage of 
hardening was shown by the hysteresis loops; eventually the plastic 
Strain per cycle amounted to about a quarter of the maximum elastic 
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strain, namely — 10-5. Crystals fatigued at 78°K hardened much more 
rapidly and the plastie strain per cycle (at the rather lower stresses 
employed) was less than ~5x 10-5. Tensile tests following fatigue at 
78?K gave curves of the form shown in fig. 7 in which there was an apparent 


Fig. 4 
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indication of the temperature dependence of such hardening was obtained 

by tensile tests at 78°K and at 195?K on two specimens that had been 

fatigued at 78?x and aged at 195°K. Similarly, a pair of specimens 

that had been fatigued at 195?x were pulled at that temperature and 
Fig. 5 


Surface profile of a specimen fractured at 78°K and electroplated before 
sectioning. 
Fig. 6 
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209. 
: ; GLIDE STRAIN 
Hardening of crystals with y=A=32° fatigued at a resolved shear stress of 
+2-4 Kg mm? at 293°x (probable life 3 x 105 cycles). Tensile tests 


at 78°K to avoid recovery. The numbers refer to cycles after the 
maximum stress amplitude had been attained. 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


eee 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
1856 T. Broom and J. M. Summerton on the 


78°k. The results are given in fig. 9 and show an unusually high tempera- 

ture dependence. The increase in flow stress between 293°K and 78°K 

of crystals fatigued at 293°K was approximately 6% as deduced from 
Fig. 7 
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Tensile curves at 78°K for crystals with X=A=32° fatigued for 3x 104 cycles 
at om Peer stress of + 1-35 Kg mm-? followed by ageing for 

; ‘ at the temperatures stated. "ok: e 
eu UD ated. The broken curves reproduce 

a series of experiments on recovery ($3.4). Am incidental observation 


was that prismatic slip was easily s 
$ y seen on the surfa E i 
at 195°K and then pulled at 195°x to a ( ee 


Some experiments in transmission 


carried out by Dr. A. Berghezan and M 
, Specimens were fatigued at 293° p 
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et al. 1961). It is estimated th 
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Crystal with y=A=53° fatigued at +2-85 Kg mm-? resolved shear stress at 
78°K followed by straining 60% at 78°x (compare fig. 4). x 175. 


Fig. 9 
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Transmission electron micrograph from a thin cleavage fragment of a zinc 
crystal fatigued at 293°x. x11 000. 


3.4. Softening of Fatigue-hardened Crystals 


Crystals with y=32° were fatigued at a resolved shear stress of 1 
2-4Kgmm-? for 3x 104 cycles at 293?x and either cooled immediately 
by liquid nitrogen to 78?x or cooled after a given period at 293?x. 


Fig. 11 
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A limited number of experiments was carried out in which the recovery 
temperature was varied between 256 and 341?x. All specimens were 
pulled at 78°xf. Results are shown in figs. 11 and 12, and it appeared 
that a logarithmic recovery law was applicable between 10 and 105sec. 


| min | hr | day | week 


RESOLVED SHEAR STRESS, kg. mm? 


| 
10 10? 10? [OS 10% 10° 
t, secs 
The flow stress at 78°K for crystals with y=A=32° fatigued for 3 x 104 cycles 


at a resolved shear stress of + 2-4 Kg mm-? at 293?x followed by resting 
for various periods at the temperatures indicated. 


Attempts were made to analyse this in terms of a thermally activated 
process and it is possible to show that the results can be described by an 
equation of the form do/dt= — A exp —(U —bo)/kT with the effective 
activation energy zero at the start of recovery and rising to around 1-5ev 
towards the end (cf. Cottrell and Aytekin 1950). No particular significance 
is attached to the magnitude of the quantities deduced from this empirical 
analysis. It is interesting to note from comparison of figs. 7 and 12 that 
recovery proceeds at lower temperatures after fatigue at 78?x than after 
fatigue at 293?x. 

$ 4. DISCUSSION 


All erystals had the appearance of having deformed predominantly 
by basal glide so that it is necessary to seek obstacles to basal dislocations. 
Burr and Thompson (1962) have considered interactions of basal disloca- 
tions with dislocations responsible for the (1122) [1123] slip observed by 


T With the addition of a few supplementary experiments in which crystals 
were pulled at 195?x to find the temperature dependence between 195 and 
78°K it was possible to establish that the equivalent recovery time at 293° 
attributed to the unavoidable delay in quenching was 4sec, and that the 


temperature dependence between 293 and 78°x of crystals hardened by fatigue 
at 293°K was 7555/77 —- 0-94. 
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Bell and Cahn (1957), but it should be emphasized that this system was 
not detected. E. Smith (private communication) had examined inter- 
actions of dislocations on (0001) and {1010} and (1011) planes having 
slip directions (1120) and concluded that for (1010) prism slip (observed 
in the present work) stable sessile dislocations could form if the (11 20) 
(1010) dislocations can dissociate to give vectors of the form 4 [6243]. 
There is as yet no evidence for this dissociation. 

It seems unlikely that the density of forest dislocations could be 
sufficient to account for the observed hardening. 

There is evidence (Seeger and Trauble 1960) that climb of basal 
dislocations can occur during unidirectional deformation at room tempera- 
ture and that dislocation loops containing stacking faults are generated 
by the condensation of vacancies produced during straining (Seeger and 
Trauble 1960, Berghezan et al. 1961, Pfeiffer 1962). It has often been 
suggested that rapid reversed slip is a prolific source of point defects, 
so that it is natural to postulate that at room temperature the major 
obstacles to basal slip are sessile loops of dimensions smaller than those 
observed, fig. 10, following recovery. The process of fatigue hardening 
at 78°K cannot involve dynamic equilibrium between vacancy generation, 
loop formation, and climb, that are thought to be important around 
300 K. Presumably there are strong interactions of basal dislocations 
on different planes and the formation of dipoles. If crystals fatigue- 
hardened at 7 8°K are warmed to around 200?x there is further hardening, 
fig. 7, associated with a high temperature-dependence of flow siae 
fig. 9 (b), that can be ascribed to diffusional processes allowing the break "up 
a eo ave ns defects and dislocation loops. However, 
fatioued at sie ae ae or the non-uniform hardening in crystals 

5 enced by the slip distribution, figs. 4 and 5, and 


by the stress-strain curves of fig. 7. S i 
‘ . 7. Superfic imi "vati 
have been made on copper at 300° pee lc ee 


Ham 1959) that the striation regions 
Now cross-slip of basal dislocations 
because the critical shear stresses 
are high. The orientations of the 


has not been observed in zinc, perhaps 
on (1120) {1010} and (1120) (1011) 


: à 8, together wit : : 
fractions of probable life, fig. 6, isin TUR eee pe lous 
discussion. Fatigue hardening at 300°x is nt with the previous 


: 3x 10* cycles in a life 
er wide, in comparison with 
recovery, figs. 11 and 12, are 
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not quantitatively understood. The initial rate is high and rather 
insensitive to temperature in the range studied ; this is what would 
be expected when hardening processes caused by the reversed plastic 
flow are abruptly terminated. 

The present results emphasize the effects of frequency of cycling in 
high temperature fatigue as exemplified by zinc at ~300°K. Alden 
(1962, private communication), in strain cycling experiments (+ 1%) 
on zinc crystals, achieved shear stresses of —0-3 and 0-6Kgmm-? for 
strain rates of 0:035 min-! and 0:35 min-! after — 200 cycles compared 
with shear stresses of 2-5 Kg mm-? for mean strain rates —2-4min-! in 
the present experiments. With increasing frequency (and temperature) 
it is clearly necessary to take account of the generation of point defects 
and the manner in which they can cause both hardening and softening, 
so giving rise to a flow stress governed by dynamic equilibrium. 

The mechanism of fatigue failure is almost certainly that proposed 
by Wood (1959), Segall (1960), and May (1960), namely the development 
of a crystallographic notch by repeated reversed slip on parallel planes, 
followed by intense slip and crack growth at the stress concentration. 
For crystals of differing orientation the statisties of notch development 
indicate that geometrically similar surfaces will be produced after a given 
time provided that the resolved shear stresses are equal (assuming only 
basal slip to be important). As discussed in $3.1, few cracks were 
detected, and this implies that once a critical notch is formed a crack can 
grow rapidly until final fracture occurs by cleavage. Therefore the 
T-N curves, figs. 1 and 2, substantially indicate the number of cycles 
necessary to produce a critical crystallographic notch and the failure 
dependence on resolved shear stress is readily understood. If recovery 
occurs concurrently with hardening, then a reduction in frequency will 
lead to the development of the critical notch in fewer cycles (for a given 
Shear stress) as indicated by the comparison of figs. 1 and 2. 

; In order to formulate a quantitative theory for ‘critical notching’ 
it is necessary to understand the mechanism of harde 
difficulty is the uncertainty introduced by the procedure for applying 
the fatigue stress. As the fatigue amplitude is increased, random slip 
displacements are produced at the surface and it is likely that they have 
some Siteet on the eventual life at constant Stress. For example, in 
tests at 78 K it was noticeable that higher stresses could be achieved 
r ge pe was increased more slowly than usual. Again, the 
elect of intermediate tests at room temperature was to decrease life as 


would be expected if recovery facilitates surface displacements on re- 
applying the fatigue stress. 


ning, but a further 
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ABSTRACT 


Crystalline mercury is reported to slip on the {100} planes of the face-centred 
rhombohedral structure, although it has been suggested that the experimental 
observations could equally well be interpreted as slip on {111} planes. A 
new single surface analysis is described in this paper which enables these 
two cases to be distinguished unambiguously, and experimental results 
are presented which show that the slip plane is {111}. An extension of the 
method enables an indication of the slip direction to be obtained and this 
is found to be «110» which is not the most closely packed direction in 
mercury. 


$1. INTRODUCTION 


Mercury crystallizes at —39°c on a single rhombohedral lattice and not 
on two interpenetrating lattices as do the other rhombohedral metals 
antimony, arsenic and bismuth. Mercury thus has a unique crystal 
structure and consequently its deformation modes are of considerable 
interest. These modes were first investigated by Andrade and Hutchings 
(1935) who used cylindrical specimens and concluded that the operative 
slip planes are the {100} planes of the face-centred rhombohedral cell 
to which the structure is most conveniently referred. The identification 
of these planes was based on the measurement of angles between surface 
traces on single crystals of mercury and the result was later questioned 
by Fisher (1943) who claimed that the observations could equally well 
be interpreted as slip on {11T} planes. In mercury the axial angle of 
the face centred rhombohedral cell is 98° 22’ (Barrett 1957) and hus 
the (111) planes, which contain two close-packed directions of the form 
(110), are more densely packed than the (100) planes, which only contain 
one of these directions as indicated in fig. 1. The operative slip plane 
can of course be determined uniquely using conventional x-ray techniques 
(Andrade 1943) and an investigation of this kind is at present being carried 
out in this laboratory (Heckscher and Rider, unpublished work). How- 
ever, a preliminary study has indicated that, by using a new single surface 


analysis, it is possible to distinguish b j 
; , et 
using the x-ray method. n io 
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The new method involves assuming in the first instance that slip in 


mercury occurs on either {100} or {111} planes, the two slip planes discussed 
above. The possibility of both planes being operative, possibly in 
different temperature ranges, and the phenomenon of wavy slip in mercury, 
first reported by Greenland (1937), will be considered later. In a 


rhombohedral structure there are three variants of both {100} and {111} 


Planes and directions in the face-centred rhombohedral cell 


ane thus, if slip occurs on all possible variants of either {100} or (111) 
ue sets 2 XE ae will be produced on a flat surface of a mercury 
; crystal. hese traces will form a set of simi i 
similar tria 
Ue sure the shape of the triangles being uniquely em e 
2 PT slip plane and the orientation of the crystal Diff i : 
T ee will of course result in different sets of an Js be S 
ue mee ut ve range 7 triangle shapes is not iren a for E An 
sap System. Moreover the possible ranges fo ins 
pH Mor a r {100} and Í ip i 
ce y ps m and thus, by determining ED. slip in 
2 ae = b ch occurs in practice, it is possible to dy m E 
ystems. In this paper a detailed account of We 
od is 


presented in $2 followed b ipti 
§ y a descripti ri 
adopted and the results obtained in : 3 go o oU nr 


§ 2. DETAILS OF THE SIN 
NGLE SURFACE ANALYS 
i : IS 

- "x 2 ee crystallographically equivalent slip plane 
nd intersect along the lines OA, OB and OC as e: meet at a point O 
Bs 2 Pc equal angles / AOB ZBOG, Teak ie 
Y P. For {100} slip in mercury : PTO 

ry wi = o 997 

angle between any two (100) directions, t for ae ES 5 m m 
: p B=70° 45°, 
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B 


The tetrahedron OABC formed by three crystallographically equivalent slip 


planes meeting at the point O, and the triangle of slip traces LMN 
produced at the surface of the crystal. 


Fig. 3 


~= 


M 
Representation of slip trace trian : 
S ; gles on a ternary diagram. The triangle 
puces the poran P has angles / L, M Md ZN. The abt 
1X equivalent ri ht- a a ` 
shaded. The boundaries 9 p A angled triangles, one of which is shown 


trace triangles can arise are also d e e UU sm 
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the angle between any two (110) directions. Let the surface of the 
crystal intersect OA, OB and OC at distances 4, b and c respectively 
from O thus forming the triangle of slip traces LMN, as shown in fig. 2. 
The problem now reduces to determining the range of possible shapes 
of the triangle LMN for all positive and negative values of a, b and c when 
B takes on the two values quoted above. The procedure adopted in 
obtaining these ranges is described in the Appendix. 

In order to represent the ranges of possible slip trace triangles on a 
convenient two-dimensional plot, use was made of the principle utilized 
in the plotting of ternary phase diagrams, i.e. the sum of the three normals 
from any interior point of an equilateral triangle to the three edges is 
invariant. Thus if the three normals represent the three angles of a 
triangle of slip traces their sum will always be 180°. This is illustrated 
in fig. 3 where the ranges for the triangles produced by (100) and (11T) 
slip are also indicated. Three distinct regions arise : 


1. The central region in which the slip plane can be either (100) or (111). 

2. Regions near the vertices of the equilateral triangle in which neither 
{100} nor (111) triangles of slip traces should arise. 

3. Intermediate regions in which the slip plane can be {11I} but not {100}. 


Thus if all observed triangles of slip traces lie in region 1 the slip plane 
is likely to be {100}. Secondly if triangles lie in regions 1 and 3 but not 
in region 2 the slip plane cannot be {100} and must be {11T} if the basic 
assumption, that slip occurs on three variants of either (100) or (111), is 
correct. Finally if some results lie in region 2 the basic assumption is 
incorrect. 

The symmetry of fig. 3 makes it clear that it is not necessary to make 
jt of tine cls ternary diagram. This arises because the labelling of 
the vertices L, M, N of the slip trace triangles was arbitrary so that the 
plot reduces to six crystallographically equivalent right-angled triangles. 


In the present work the restriction 
ZL27/Mz i imiti 
results to the shaded triangle JKL of an RC pur 


§ 3. EXPERIMENTAL PROCEDURE AND RESULTS 
The method of determining the Hg sli 


slip traces from three erystallo P system described in $2 requires 


graphically equivalent Slip planes to be 


produced on a flat surface of a single crystal 
polycrystalline specimen of mercury was rea 
a pool of singly distilled mercury which cove. 
clean dry Petri dish. By slowly pouring liquid a 
one-third of the dish dendritic growth and the 
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usually resulted in two sets of straight slip traces and some wavy slip 

lines being formed in most of the grains. A further set of straight slip 

traces was produced in a few of the grains, together with increased wavy 
slip generally, by either thermally cycling the specimen from about 
—50°c to liquid air temperature, or by indenting the specimen by tapping 
a thin pre-cooled circular rod placed in contact with the surface. The 
angles between the traces were measured to + 4° using the rotating stage 


1 4 ERI 
UA B TE 4 
AT) 
* Li n 
WAG INH ie 

J i 


Three sets of straight slip traces on the surface of a mercury crystal defining 
a slip trace triangle in region 1 of fig. 3. The wavy slip traces are 
discussed in the text. (Mag. x60.) 


of the microscope. Under the microscope growth ripples can be seen on 
the surface of the specimen but as these are not deflected at grain boundaries 
it is always possible to distinguish them from slip lines. A micrograph 
of a specimen showing three sets of straight slip lines and some wavy slip 
is shown in fig. 4. In this case the angles of the slip trace triangle are 


89.57, 56:5° and 34-0° so that the triangle lies in the region 1 of the 
ternary plot. 
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A summary of the results obtained is given in fig. 5 where the observed 
triangles are plotted on the region of the ternary diagram corresponding 
to/Lz/M2/N. Itisseen that the triangles are scattered throughout 
regions 1 and 3 but that no triangles lie in region 2. As explained in $2, 
this indicates that the slip plane must be (111) and not {100}. 


Fig. 5 


(0-145511) 


39: LM &o (169) (1 =) 90° 


Observed triangle shapes plotted on th i 
S plott e region of the ternary diagrs 
aS dened by ZL>/M>/N. The triplets (a, b 5 Lm x 
s e boundary curves are also shown. E Dg E 


One noticeable feature of fig. 5 i 
0 t 8. 5 is that no results lie near B 
Goes to the equilateral case. This may inte ee Es W 
orientation of the Hg grains but this explanation seems E oe 
ely as 


A more satisfactory explanation is th 
Baia CUOTYE’ at for these ori i 
of the slip directions is parallel to the surface of ee see oe i 
rexample 
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is currently being checked using x-ray methods. It may however be 
related to the phenomenon of wavy slip in Hg, as dislocations with the 
smaller Burgers vector may be able to cross-slip readily and not give rise 
to straight slip traces. 


§ 4. CONCLUSIONS 

(1) A single surface method of analysis, based on the observed ranges 
of triangles produced on the crystal surface by slip on three crystallo- 
graphically equivalent planes, has been developed which enables the 
two suggested slip planes, {100} and {11I}, of crystalline Hg to be 
distinguished. 

(2) An experimental study has been carried out which indicates that 
the slip plane is (111). 

(3) The non-appearance of certain triangles of slip traces indicates 
that the slip direction is (110). This is not the closest packed direction 
of the Hg structure. 
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APPENDIX 


DETERMINATION OF THE RANGE OF TRIANGLE SHAPES 


Before determining the exact form of the curves defining the range of 
possible shapes for the triangle LMN of fig. 2 for a given value of B, it is 
convenient to obtain an indication of the range by considering the special 
cases of isosceles triangles and triangles in which one angle tends to zero. 
We shall thus determine in the first instance the maximum possible value 
of /L when /M— /N. Two sets of triangles of this kind arise. The 
more obvious set has b=c and gives maximum ^L, defined by 
cos / L=cosB/(1+ cos B), when a=b cos B. The second set occurs when 
b and c have opposite signs, the maximum value of ZL being «—f 
corresponding to a=0 and b— —c. The relative magnitude of the 
maximum values of / L for these two sets of triangles depends on 8, 
the former value being greater when B» [2 and the latter when B « «[2. 
Thus for the cases of (100) and (111) slip in Hg corresponding to values 


of B equalling 98°22’ and 70°45’ the maximum values of /.L are 99:80? 
and 109-25? respectively, as shown in fig. 5. 
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We consider now the case in which the angle / N tends to zero. This 
occurs when c tends to infinity in which case the angle / L is maximum 
when a=—b. For B<7/2 a is positive and the maximum value of /L 
is given by eos / L= — 2"? cos B/(1-4- cos B)!?. The signs of both æ and 
cos / L are reversed for B» 7/2. Thus for Hg when / N 2 0 the maximum 
possible values of / L for {100} and (111) slip are 102-86? and 113-85° 
respectively as indicated in fig. 5. 

It is now necessary to deduce the form of the boundary between the 
limiting cases discussed above. This is facilitated by considering the 
triplet of parameters (a, b, c) for these extreme cases. As we are concerned 
only with the shapes of the triangles LMN it is the relative magnitudes 
of a, b, and c which need to be considered and we may thus let one of these 
parameters be unity. Letting b=1 the triplets for the isosceles triangles 
and / N=0 triangles for {100} slip in Hg may thus be written (0-1455, 1, 1) 
and (I, 1, co), the corresponding triplets for (111) slip being (011) and 
(I, 1, ©) as indicated in fig. 5. It is also convenient to retain the 
restriction b=1 when dealing with the intermediate values. The 
procedure adopted in obtaining the boundary curves was thus to find 
the value of a which makes / L maximum for a given c when b= 1, and 

the limiting cases indicate that we need only consider values of c between 
1 and co for {100} slip and values between —1 and — co for (111) slip. 


The triplets (a, 1, c) then enable the angles /L, /M and ZN to be 
calculated. 


When b=1 the equation (cos / L)/0a — 0, 
reduces to the cubic 


giving a for maximum / L, 


Aot Aa +A a? + A a3 — 0 
where A, — (14 c)c? cos B (cos B — 1), 
A, — (1 +c)? cos? 8 — c cos B(1 + 4c cos? B + c?) + 2c? 
A5 3(1- c)c cos B (cos B — 1), 
A,=1—2c¢cosB 4-c?— (1 — Cy? cos? B. 
T n equation has only one real root and this was obtained usin Newton’ 
iterative method. The whole analysis was programmed for hs Fer aud 
Sirius computer and the resulting curves for the two He sli ee 
are given in fig. 5. Eup systems 
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ABSTRACT 


Tensile tests of flat bars made of polycrystalline steel have been carried 
out in the elastoplastie domain of straining to determine true-stress, true- 
strain curves as well as lateral contraction ratio curves versus true strain 
orstress. Four types of steels were tested, i.e. low carbon steels of designation 
DIN. St. 33, St. 34 and St. 42, and a low carbon high-yield-strength alloy 
steel, quenched and tempered, under commercial designation U.S.S. ‘T 1’. 

The differential Moiré method was used for the measurement of longitudinal 
and transverse strains at the elastic, as well as at the plastic domain of 
deformation. The method yielded the state of deformation over a large 
gauge area and it was very sensitive to strain-variations. Therefore, it 
was proved to be convenient for the study of non-uniform fields of deforma- 
tion with great accuracy. The nucleation and propagation of Liiders fronts 
in all specimens were studied and the distribution of plastic strain in Lüders 
bands was measured. 

Lateral contraction ratio-true strain curves resulted from longitudinal and 
transverse true strain measurements followed second degree curves (branches 
of hyperbolas) starting from the elastic constant value of contraction ratio and 
tending asymptotically to the limiting value of 0:50 of the incompressible 
material. All curves presented an unstable part, corresponding to the 
Lüders band region, where contraction ratio increased over 0-50, reached 
a maximum of the order of 0-65 and then decreased tending to the stable 
hyperbolic branch of the curve. The same phenomenon appeared in the 
contraction ratio-true stress curves which presented a sigmoid shape. 


$1. INTRODUCTION 


TRE necessity of introducing a continuously varying contraction ratio in 
the elastoplastic region for the elimination of certain difficulties encountered 
in partial yielding problems is attributed to Ilyushin (1945). Nadai (1950), 
based on the observations of Ilyushin, introduced a contraction ratio in 
the elastoplastic region as a continuous function of strains and its values 
at the elastic range and the limiting value for the incompressible material. 
Mejlumian (1952), based on Ilyushin's theory, studied the simple case of 
pure tension and gave a relation for the lateral contraction as a function 
of the true strain. He accepted the material to be totally incompressible 
and he defined true-stress, true-strain curves through a procedure of 
successive approximations from their conventional values. 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


1872 P. S. Theocaris and E. Koroneos on 


The evaluation of contraction ratio was based, in general, on measure- 
ments of the longitudinal and transverse strains of specimens loaded in 
tension or compression. Mechanical extensometers, strain gauges or very 
sensitive electric-inductance gauges were used as measuring devices. 
Girard (1959) introduced a new method of evaluation of contraction ratio 
by measuring the fundamental longitudinal frequencies of two cylinders 
of the same length and various diameters. Claus (1955) measured lateral 
contraction ratio with great accuracy by using an inductance gauge of 
great sensitivity. Koester (1954) proved that Poisson's ratios of metals 
belonging to the vertical groups of the periodie system have closely similar 
values. Koester and Scherb (1958) measured the contraction ratio of 
various substances, using the apparatus developed by Claus. "They 
found that metals such as platinum, palladium, silver, copper, gold and 
aluminium follow Nadai’s formula at their elastoplastic domain of 
straining. 

Many attempts to determine experimentally the transition region of 
contraction ratio of metals and alloys used in structures have not been 
especially successful. Stang et al. (1946) used electrical strain gauges to 
measure contraction ratio on both flat strips and round bars and found 
values lying between 0-40 and 0-47. Since they considered conventional 
stresses and strains for the evaluation of contraction ratio, their results 
seem to be rather consistent with Nadai's theoretical considerations. 
Swainger (1954) studied the variation in transverse contraction in mild 
steel under simple tension and stated that the transverse strain does not 
iE longitudinal strain faithfully in the Lüders region of straining. 

sa author (Swainger 1946) tested flat duralumin strips and found 
that Contraction ratio reaches abruptly a maximum value of 0:42 at the 
enc limit and then falls quickly to a constant value of 0-37. 

Gerard and Wildhorn (1952) carried out tests 
specimens of a Square section in tension an 
7 a ^. 1 "^ 1 Q . B 

> y of the results obtained in both latter cases may b 
considered doubtful because they did not measure the through-th; y 
strains of the specimens. An eventual anisotropy of dons UE 
cause all these fluctuations of the contraction p Kager eae 

Sone : : 
(1948) and MeEvily and Hughes ( 1954) conducted tests on both lisi 


rder to measure lateral contractions 
ropy. Goodman and Russel (1953) 


values of contraction 


on aluminium alloy 
d compression and they found 


decrease of contraction ratio, may be 
the metals tested and the use of con 

Measurements of contraction rati 
Pride (1956) in three or 
in compression and steel 


ventional stres 
os have been 
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were also introduced relating the measured contraction ratios and stress- 
strain curves of orthotropic materials. 

Shelton and Ford (1956) tested various commonly used materials in the 
elastic and elastoplastic regions of strain. Their results show true-stress 
versus true-strain curves and contraction ratio curves versus true strains. 

The latter curves present a good agreement with the theoretical values 
determined by Nadai's relation. All curves tend asymptotically to the 
limiting value of 0-5. In a companion paper Shelton (1961) performed 
tests on low carbon steel alloys, cold-rolled to various amounts. The 
contraction ratio of these alloys was determined and plotted versus true 
strains and rolling reduction. Recently, Theocaris (1961 a, b) carried out 
tension tests in a number of aluminium alloys with long flat-strip specimens 
loaded in the elastic, as well as in the elastoplastic, domain and found that 
contraction ratio curves versus either true strain or true stress are second 
degree curves tending asymptotically to the value for the incompressible 
material. 


§ 2. MATERIALS 


The specimens tested in this investigation consisted of thin sheets of 
low carbon steel of small or moderate grain size of the following designation : 
(a) DIN. St. 33; (b) DIN. St. 34; (c) DIN. St. 42; and (d) U.S.S. T 1^. The 
specimens were cut as longitudinal samples from full hard commercial 
rimmed steel plates and were machined to a uniform width. The specimens, 
flat strips 4 to 5mm thick, with a parallel-sided gauge section of 270mm 
long and 90mm wide, were machined from the centre of the plates. The 
last layer of each flat surface of thickness 0:25 mm was removed by slow 
grinding with a well lubricated porous wheel in order to avoid any increase 
of temperature. The specimen and corresponding plate surfaces were 
mutually parallel. Furthermore, the specimen axis coincided with the 
rolling direction of the plate. One surface of each specimen and the 
part corresponding to the gauge area had a ground finish taken down 
to ‘0000’ emery paper and afterwards it was polished with diamond paste. 
Thus, the surface of the specimens was made free from pits, scratches or 
other surface imperfections. Furthermore, any extensometer indentations 
were avoided since it was not necessary to use mechanical extensometers 
for measuring deformations. 

The specimens were made with a part of reduced section of sufficient 
length for printing the interference grating. The two grip sections were 
joined with the reduced section with, large fillets. Their radius was cal- 
culated to produce no stress concentration at the ends of fillets. The edges 
of the specimens were carefully rounded at the reduced section during 
final polishing. Great care was exercised in properly aligning the specimen. 
in the grips of the testing machine. Finally, the specimens were prepared 
free from any distortion, cold-working or bending resulting from the 
machining operation or some local abrasion or heating effect. All these 
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precautions during the preparation of the specimens were judged to be 
indispensable for the reliability of results obtained during the tests. i 

The steel compositions, heat treatments, and the range of grain sizes 
existing in the four types of steels tested, are as follows : 


Type I : Low-carbon steel, DIN. St. 33 

Heat treatment : Hot-rolled black mild steel in open hearth, commercial 
quality according to DIN. 17100, rolled and sheared with usual tolerances 
as per DIN. 1543, not protected against rust, aged for three hours at 100?c. 
Chemical composition: C 0-05, Mn 0-31, P 0-55, S 0-017, Cr 0-05, Cu 0-15 95. 
Grain size: The measurements of grain size were made on longitudinal 
sections through the sheet thickness. The grains formed in the specimens 
were equi-axed and their size was relatively uniform within and between 
specimens of the same type. The grain size was measured equal to 1024 
grains per square millimetre (No. 7 according to ASTM Standards) for all 
specimens of this type of steel. 


Type LI : Low-carbon steel, DIN. St. 34 

Heat treatment: Hot-rolled black mild steel in commercial quality 
according to DIN. 1622, rolled and sheared with usual tolerances as per 
DIN. 1543, not protected against rust. Chemical composition: C 0-08, 
Mn 0:30, P 0-48, S 0-021, Cu 0:17 %. Grain size: The grains formed in 
the specimens were equi-axed and their size was relatively uniform within 
and between specimens of the same type. The grain size was measured 


equal to 2048 grains per square millimetre (No. 8 according to ASTM 
Standards). g A 


Type III: Low-carbon steel, DIN. St. 42 


Heat treatment: Hot-rolled black mild steel in commercial qualit 
according to DIN. 17155, rolled and sheared with usual anka. > ; 
DIN - 1543, not protected against rust. Chemical composition: C OR 
Mn 0:39, P 0:51, S 0:022, Cr 0:07, Cu 0-17 %. The grains dose j i 
Specimens were equi-axed and their size was relatively uniform witl i d 
between specimens of the same type. The grain size was me " m 
to 4096 grains per square millimetre (No. 9 according to ASTM. oo 


Type IV: Low-carbon high-yield-strength 
NR CIE gih alloy steel under commercial 


Heat treatment: Water quenched from 165 e 
1150/1275*r. Chemical composition: Œ 0-14, M ae eee 
Si 0-11, Cr 0-61, Ni 0-875, Cu 0-16, Mo 0-38, V 0-06, B 0-004 o p 0005 
Thus, in all specimens of three types of steels no ds f 
orientation of grains was detected. Since the grain size in ài preferred 
in each type was relatively uniform the experimental data m = " p 
to the above specimen groups. ed 
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$3. Tastinc TECHNIQUE 

The type of testing machine used can affect materially the appearance 
of the stress-strain curves obtained. Specially designed machines are 
needed for the recording of the abrupt fall from the upper yield point to 
the lower yield point level of mild steels. These machines must have 
little inertia so that small extensions of the specimen can produce large 
decreases in the stress, which must be recorded in a sensitive measuring 
device. Since we are not concerned in studying the special phenomenon 
of the production of the upper yield point instability, our tests were run 
in a 100 ton Amsler hydraulic testing machine. The testing machine 
had a capacity considerably greater than that of the specimen. Therefore 
the effects of inertia of the weighing mechanism as well as the elasticity of 
the different parts of the testing machine on the shape of the stress-strain 
curves obtained were very small. Crosshead speeds, which influence 
considerably the reproducibility of the results, were kept constant all over 
each test and very low, interrupted by constant time intervals for taking 
photographs at each step of loading. The speed of deformation was 
controlled by the speed of appearance of new Moiré fringes at one end 
of the grating printed on the central part of the reduced section of each 
specimen. This proved to be a very sensitive speed gauge. 

The testing machine was fitted with axial loading shackles, ensuring 
alignment of the applied load by allowing free rotation in three 
mutually perpendicular directions in both shackles. Self-alignment was 
obtained through arrangements of thrust bearings and ball joints in each 
shackle. 

The method of measuring strains, which is called Moiré method, is based 
on the mechanical interference produced by the superposition of a line 
master grating on the crossed model grating. The interference of the two 
gratings produces fringes, called Moiré fringes, measuring the relative 
displacement between the two gratings. If the pitch of the model grating 
is changed because of the progressive deformation of the specimen the 
interfringe of the Moiré pattern is reduced, yielding a measure of the varia- 
tion of relative displacement between the two gratings. Hence, the 
components of strain can be calculated over the entire gauge area of the 
specimen through graphical differentiation of the field of displacements. 
The accuracy in the values of strain components depends on the density 
of Moiré fringes which, in turn, depends on the pitch of the gratings and 
the magnitude of the strains. The restriction in reproduction of good 
contrast gratings by photographic process to a density of 500-600 lines 
per inch limits the application of this simple method to the measurement 
of plastic strains. 

For the accurate measurement of the elastic strains the master and model 
gratings are chosen to have slightly different pitches, resulting in an initial 
Moiré pattern before any loading of the specimen. This initial Moiré 
pattern is added vectorially to the Moiré produced by the progressive 
deformation of the specimen. Selection of an appropriate initial master 
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grating results in a dense Moiré pattern suitable for measuring small elastic 


strains. This method is called differential Moiré method. The Moiré 
method, as it is described, was introduced by T ollenaar (1945) and found 
extensive application as a measuring device. Theocaris (1962) reviewed 
the existing applications of the method in the various fields of science. 
The Cartesian components of strains «,, are expressed by the following 


relation : 
ele c c ME 


where Qw;[0x; are the gradients of the displacement functions wi(z;) deter- 
mined by the Moiré fringes in both directions and A; is a term given by the 
relation: 


2 ues esc rc 


eres. 


where e; is the pitch of each master grating used and f; the initial interfringe 
produced by each master grating and the undeformed crossed model 
grating. The plus sign indicates a difference between the pitches of the 
undeformed model grating and the master grating of the same sign as the 
expected deformation of the specimen and the minus sign indicates the 
reverse. In the case of pure tension deformation the displacement 
functions are linear and their constant gradient is readily determined from 
the slope of the displacement straight lines. 

An orthogonally crossed grating of a density of 500 lines per inch was 
printed on the central part of the reduced section of each specimen for 
the measurement of longitudinal and transverse strains, The printing of 
the grating was made by a photoengraving process. The sides of the 
crossed screen were printed parallel to the principal axes of each, specimen 
After the printing of the grating a thin and uniform layer of a trans rent 
poeot ve varnish was sprayed on the surface of specimens : 

ine gratings were reproduced on photographic 5 SET 
Stripes on the emulsion side of the Me Dum oe s = oe 
of the grating pattern photoengraved on the metallic surface oe fie 
specimens. Thisresulted ina coincidence of the existing pitch irr : x E à 
of the two gratings and consequently in a remarkable refine: eee 
Moiré fringes produced by interference of the model crossed E od the 
the superimposed master line grating. The master line Pus and 
reproduced with different pitch values. A number of EP s e cl 
prepared with pitches gradually reduced from the standard eee E 
remainder with gradually enlarged pitches. Each of ds : : Bees ube 
enlarged master plates superimposed on the model gratin ae = 
an initial Moiré pattern with different values of interfrin ne ped um 
fringe became smaller as the difference in pitch between d Ster 
was increased. The initial Moiré pattern, before loading of do e 


produced with a reduced master grating, could be considered as o 
ing 
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from a fictitious elongation of the model grating. The amount of this elonga- 
tion must be such as to produce the existing difference in pitches between 
master and model gratings. On the other hand, the initial Moiré pattern 
produced with an enlarged master grating could be considered as resulting 


d 


| 


(c) (d) 


Longitudinal and transverse Moiré patterns i i i 
g i erse J patterns in the plastic range of deformation 
of Steel DIN. St. 42 (a) and (b) and U.S.S. “T 1’ (c) and (d). 


from a fictitious reduction of the model 


3 grating. Therefore, reduced master 
gratings 


i are proper to measure longitudinal extensions of the tension 
specimens, while the enlarged master gratings are proper to measure lateral 
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contraetions. Appropriate selection of the superimposed master grating 
in the various loading steps of the specimens resulted in an initial interfringe 
of the order of 1 to 2 of an inch, yielding an optimum in accuracy of the 
evaluated strains. 

The Moiré patterns produced by superposition in both directions of the 
suitably reduced or enlarged master gratings on the model grating were 
photographed before loading and at each loading step with a fine grain 
polystyrene-base film. Positives of these photographs were prepared 
on the same scale as the specimen dimensions. The quantity of light and 
the exposure time were selected to yield slightly underexposed photographs 
showing the darkest parts of Moiré fringes. 

The photographs of Moiré patterns before loading yielded the values 
of initial interfringe f; from which the values of the coefficients À; were 
calculated by using relation (2). The displacements were measured on a 
gauge length of 70mm in both the unloaded and the loaded specimens 
and in both directions. The large gauge length used was allowed by the 
uniformity of the strain field and it resulted in a considerable increase in 
the accuracy of the measured strains. Plots of the displacement curves 

along the two principal axes were constructed for each step of loading. 
These curves coincided, in the elastic regions, with straight lines of different 
slopes. Strains were determined by using relation (1) in which the deriva- 
tives ðui/ðxı were evaluated from the slopes of the displacement curves 
and A; were derived from the initial interfringe fi, corresponding to the 
master grating of pitch ei, which was used at each loading step. Moiré 


patterns taken at the Lüders region showed a strongly non-uniform dis- 
placement field. Strains were derived in this r 


la nb d egion through graphical 
differentiation of the displacement curves. In the plastic region m far 
from the Lüders strain point the displacement field again becomes uniform 


and this uniformity extends up to the necking point of the specimen. In 
this region Moiré fringes rapidly become very dense and it is TETERA 

to change master gratings after a few steps of loading. The Toms 
strains are very accurate for the influence of eventual defects of the Uns 


and misorientation is in this Stage of loading insignificant Figure 


1 (a)-(d) presents longitudinal and transverse Moiré patterns in the plastic 


range of deformation of two types of materials te 
e ted. i i 
of the displacement field is remarkable. com E Y 


$4. Tug Form or STRESS-STRAIN CURVES 
The stress-strain curves of low-carbon steel di à 
parabolic typical stress-strain curves of E B v UM 
amount of strain hardening. An idealized abc ance ce E 
carbon steel contains a long elastic range terminating sharp] d ur. 
vield point. When this limiting stress is reached one oe ne = EE 
! yielding will be nucleated within the specimen. Th WM 


i ese yield. i 
/ encompass the cross section of the specimen and it. - 
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the lower yield point, which remains almost constant during the growth of 

yielded areas. This plastic band or bands, which are called Lüders bands, 

spread and progressively cover larger areas of the specimen as the exten- 

sion increases, until the whole specimen is covered by these bands. The 

stress applied to the specimen remains approximately constant during the 
spreading of Lüders bands and only when the whole specimen is covered 
with the plastic bands does the stress-strain curve show a strain hardening 
for further plastic deformation. The strain corresponding to the starting 
of the strain hardening of the material is called Lüders strain or yield point 
elongation. Figure 2(a)-(d) presents Lüders bnads for the four types of 
steel tested in various stages of Liiders deformation. 


4 


n 


(©) (d) 


Moiré patterns presenting Lüders bands at different stages of evolution. 
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There appears to be a limited number of investigations concerning the 

mechanical properties of steel at the Liiders region because of the difficulties 
in recording the inhomogeneous and unstable field of strains at the specimen 
deformed in this region. Various aspects of the inhomogeneous yielding 
atLiidersregion have been adequately described in various papers. Winlock 
and Leiter (1936) were among the first to study the influence of grain size, 
strain rate and previous cold-rolling on the formation of Liiders bands. 
Clark and Wood (1949) showed that a definite time delay is required for 
the initiation of Lüders deformation in mild steel. Sylwestrowiez and 
Hall (1951) measured the variation of the original round cross section of 
wires to elliptical cross section after the passing of a Liiders band. The 
measured decrease in diameter proved that shear, though it played a 
significant part in the deformation, was not the only mode of deformation 
in the Lüders band. Lomer (1952) defined the angle formed by the Lüders 
front with the tensile axis of the specimen and concluded that pure shear 
could account for a part of the Liiders elongation. Hall (1951) suggested 
that the band moves as a uniform shear front, but the shear angle is 
immediately straightened by simple bending followed by a decelerating 
creep. 

Hart (1955) proposed a model explaining the behaviour of load- 
elongation test for a wide range of types of materials exhibitin g yield point 
phenomena and Fisher and Rogers (1956) examined annealed stecl wires 
at various temperatures and found that the velocity of propagation of 
band fronts depends on the lower yield stress and the temperature. Jaoul 
(1961) reported that the Liiders angle is somewhat higher than that 
measured by Lomer, deviating definitely from the plane of maximum 
shear direction, and developed a relationship between the Liiders elonga- 
tion, the lower yield stress and the degree of work-hardening in i 
direction. Butler (1962 a) studied the influence 3 
m 9a ve propagation of simple Lüders fronts in wire and thin sheet 
specimens anc arrived at an alternative explanation of the dependence 
of Lüders elongation on the stress and the degree of E 
Butler (1962 b), in a previous note, studied the influence of the 
front number on the yield stress of iron of various grain si 

Apart from the remark of Swainger uem d 
p unger (1954), stating that the transver 

strain does not follow the longitudinal strain faithfully i ee 
region, there is no other study concerning the m B M 
contraction ratio in the Liiders region. ^. Qi Hf lateral 

Before any test, the axiality of loading of each 
This was done by loading and subsequ 
the elastic range to within about 7595 
the appearance of the Moiré fringes produced. Uniform g aci t 
fringes was a sensitive indicator of the uniformity of the nes fi ME : e 

the gauge area was extended all over the region where the SC ae 
was printed and which occupied the central part of the reduced ee 


the specimen, uniformity of the strain field i i 
me Y rain field in this area proved the axiality 


the glide 
of grain size and matrix 


dening. 
Liiders 


specimen was checked. 
ent unloading of the specimen in 
of the elastic limit and observing 
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The gauge dimensions in all specimens were as follows: 
gauge length = 140 mm, gauge width — 90mm. 


In all specimens the elastic strains were also determined by means of 
SR-4 electric strain gauges of type A-8, disposed in longitudinal and 
transverse directions on the reverse side of the specimen and at the central 
region of the reduced section. The electric strain gauges were pipe ian 
until the gauges failed, usually at a longitudinal strain of about 0:3% 
for all tests. The coincidence of the values of strains measured by the 
two methods in the elastic region is remarkable. Figures 3 to 6 show the 
conventional-stress versus conventional-strain as well as the true-stress- 
true-strain curves for the four types of specimens tested. 


Fig. 3 
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Longitudinal and transverse eonventional and true stress-strain eurves for 
DIN. St. 33. 


The upper yield point effect and the consequent drop of load detected 
in the load-deformation diagrams was not so pronounced. This 
phenomenon was expected in flat-sheet specimens tested at a slow strain 
rate in a rigid machine of much greater capacity than that of the specimen. 
This drop was not placed in the true-stress, true-strain curves because of 
the uncertainty of distribution of strains along the specimen during the 
initiation of plastic deformation. Furthermore, since we are not interested 
in defining the dependence of the upper yield point on grain size or the 
matrix, the specimens prepared presented some stress concentration at 
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Fig. 4 
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Longitudinal and transverse conventional and true stress-strain curves for 
DIN. St. 34. 


A 
K'o) 
Sy 
= 


N 

N 
t EE 
E £ 4648 © 
g X = 
z UE es 
a KOA X X*- S-43/45 3 
iU a 5 
2 f S 
D E 3 
12 S a 
3 37/39 8 
& & 

= 
D 5 


i i 5 34/36 
5 STRAIN (elastic) x 194 
72 — 90 408 
108 135 162 — 159 S30 
STRAIN (plastic) x 103 16 


Longitudinal and transverse conventional and true Sbress-strai 
DIN. St. 42. VELOCI for 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


PERROT TESS hh SIN OS d ARD 


eec uc a Lolo ls scope TU NOTTE Tt NES AS TORN AER IS TIES NAE SSeS SEITE 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
Tensile Tests of Polycrystalline Steel 1883 


the end of fillets and thus these points were the starting points of the 
Lüders bands. Once the first Lüders band had formed and the abrupt 
fall of the load to the lower yield point had happened, further deformation 
took place by the broadening of the band. The band spread over the 
specimen because local stress concentrations at the edge of the band 
assisted the applied load to reach the higher yield stress of the undeformed 
material neighbouring the Lüders front. Each yielding lamella of the 
specimen flowed under the applied stress by creep and it underwent 
practically the whole of the deformation. Thus, the strain rate at each 
lamella next to the edge of the band was increasing abruptly. 
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Longitudinal and transverse conventional and true stress-strain curves for 
USSAS 


The load-deformation curves obtained for all types of steel tested were 
almost of the type with a small exhibited peak stress at the beginning of 
the Lüders region. The major portion of the Lüders strain occurred at 
almost the same stress. The important observation is that the stress 
corresponding to the major portion of the Liiders region is approximately 
the same for each type of steel. When the whole gauge area has been 
covered by Liiders strains the stress-strain curves rose again according 
to the strain hardening of each material. Although no other irregularities 
in the strain distribution were observed during this region of loading the 
remnants of some markings of Liiders bands persisted and it was not until 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
1884 P. S. Theocaris and E. Koroneos on 


some higher stress was reached, corresponding eventually to the upper 
yield point, that these irregularities in the pattern disappeared 


| (fig. 7 (a)-(d)). 
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§ 5. EXPERIMENTAL RESULTS 

The stress-strain curves presented in figs. 3 to 6 show the following 
characteristic features. 

The elastic range of straining was extended up t 
point and no flow was observed below this point. io 
constants remained strictly constant during this range. The values for 
these constants for the four types of materials tested are as follows : the 
modulus of elasticity Æ and Poisson’s ratio v ore E,=21 200 kg mm-? 
and v,=0-300 for DIN.St.33, E,— 20350 kgmm-? and m for 
DIN. St.34, E,—20700kgmm-? and v,—0:306 for DIN.St.42 and 
E,=20800kgmm~ and v,— 0:303 for CSSA ale: 


o a well-defined yield 
The values of elastic 


Fig. 8 
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The distribution of Lüders elongation along the longitudinal axis of the four 
types of steels tested. 


On applying a small increment of load above this yield point the specimen 
flowed, but flow did not begin immediately on application of the load 
increment. Lüders bands started at one or both of the extremities of 
the reduced section of the specimen near the fillets (fig. 2a). The Liiders 
fronts were visible and countable through the Moiré fringes produced on 
the surface of the specimen. Usually band fronts moved into the specimen 
from each fillet and occasionally Liiders bands were nucleated at imper- 
fections along the flat specimens, producing additional band fronts that 
moved apart along the flat-sheet specimens (fig. 2b). Usually, all Lüders 
bands appeared as soon as the upper yield stress was applied but occasionally 
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Liiders bands continued to form after the upper yield point was reached, 
A possible explanation may be that the larger than average grains in the 
Specimen are potential sites for local yielding at a lower stress resulting 
from a previously formed Lüders band. - : 

Very little indication of the presence of a pronounced upper yield point 
was disclosed in the tests. This is in agreement with previous observations, 
according to which tests of flat-sheet specimens do not show usually 
pronounced upper yield points, as do round bars. Although the load 
decreased somewhat with the propagation of Lüders bands, the stress 
remained constant to within an amount which was appreciably smaller 
than experimental reproducibility of the yield stress. 

The local strain within a well-developed Lüders band was not uniform, 
being a little ereater at the centre of the plastically deformed zone and 
characteristically smaller at the band's front. The distributions of Lüders 
elongation along the specimens are given in fig. 8 for an advanced Stage of 
Lüders evolution. The reduction in the strain observed in a Liiders band, 
together with the reduction in the velocity of the band-front motion, 
explains the phenomenon of the reduction in extension rate as the band 
moves along the specimen. 

Therefore, it is proved by these tests that the decrease of the extension 
rate with time is a consequence of a decrease of the band-front velocity 
and the decrease of the strain associated with the band. When two 
different band fronts meet, no sharp decrease in the extension rate 
is observed. On the contrary, the junction and annihilation of Liiders 
fronts E anes in opposite directions resulted in a smoothing of the 
non- B 7 J ^ - : - z d 
de ; ue ormly strained area and it did not remain an important permanent 

Measurements of the orientation of the planar fronts on the specimen 

surfaces have yielded the following results, Always single band fronts 
first to appear, formed an angle with the longitudinal axis ox the specimen, 
which was of the order of 50°. As the Lüders band was extending on the 
surface of the specimen and new fronts appeared behind the primary front 
the angle of these fronts with the tensile axis increased constantly Thus, 
angles have been measured varying between 50° and 60° which is th, l ; 
that the neck produced forms with the tensile axis. Misure 9 (a), (b) 5 a 
shows Lüders fronts in an advanced stage of deformat ee) 
types of the materials tested in whi "i 
60? can be measured. 

Examination of the inclination of Moiré 

Lüders bands shows a definite distortion of 


is, then the angle of inclinat; iré 
fringes diminished from the boundary to some point in th, nee 


specimen, where the two bands adjoined (figs, 2 (a) and (b) m. T T 
: 7X0). This 
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Fig. 9 


| 


Multiple Lüders fronts produced in a DIN. St. 33 and a DIN. St. 34 specimen 
at an advanced stage of Lüders evolution (note the successive fronts 
with angles of 50, 52, 54, 56 and 60°). (c) Irregularities of the displace- 

ment field of DIN. St. 34, due to probable concentration of impurities. 

| (6) and (d) The approach of oppositely moving Liiders fronts at various 
stages of loading. Note in (b) the undisturbed elastic region while in 

(d), representing a final Lüders stage, the elastic region is crossed by 

many unstable fronts. 
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nucleation of additional bands immediately adjacent to the original front 
or adjoining it, producing a complex front, was required for the minimiza- 
tion of the shear kink of the original band front. This angle of inclination 
of the Moiré fringes, together with the angle of inclination of band fronts, 
proved that the material undergoes a sharp and well-defined shear at the 
band front. However, the shear strain alone at the front of the band 
cannot account for the decrease of the dimensions of specimen after the 
passage of the band and for the various angles of inclination of band 
fronts observed. The Lüders deformation may be regarded as due to a 
pure shear component at the band front which takes the material locally 
through the yield point and followed by a component due to a decelerating 
creep under constant stress which depends only partly on pure shear. 
This secondary creep effect explains the phenomenon of decrease of strain 
at the band front. This observation is in accordance with previous similar 
observations made by Sylwestrowicz and Hall (1951), Jaoul (1961), 
Butler (1962) and others. Examination of the original band fronts, and 
the Moiré fringes related to them, proves that their deformation is due to 
pure shear. ‘This is in accordance with the postulate advanced by Jaoul 
(1961). Indeed, Moiré fringes did not present any other deformation at 
the original front except a distortion due to pure shear (see for example 
figs. 2 (a), (b), (c) and 9(a),(b). The elastic region contained between 
Liiders regions does not undergo any distortion. See for example 
figs. 2 (a), (b), 9 (a) and (d). Only in the final stages of the approach of 
ds fronts moving in opposite directions there appears some unstable 
om ee m NOUS Secondary Lüders fronts joining the 
the sisti Mc RM n E (fig. 9 (2). ue uniformity of 
‘ pproaching oppositely moving Liiders 
pene can be seen in fig. 10 (a) which shows a crossed Moiré pattern, Both 
e CT rot and transverse Moiré patterns were taken instantaneously 
y superimposing a crossed master grating on the crossed model grating : 
Moiré fringes cross almost normal to each other at the elastic regi m BE 
in the plastie Lüders enclaves the patterns are heavily du ee Hee 
From the conventional and the true stress-stra; . ; 
types of materials tested the ] ue ean curves of the four 
A values of contraction ratio were calculated 


by using the following well-known relations: 
derfoe d 
Sa 3 €t/ a: 
- us OL yp derfor : 
i|8c defo,’ mos. (9) 


where e's designate conventional Strains, 
means transverse strains and the subserj 
Over, oe and or and ve and v; denote co: 
contraction ratios respectively. The 
remain constant over the elastic range. 
to 14, presenting the variation of contraction ratio vers d 
stresses for the four types of materials tested. uS true strains or 


e's true strains the subseri 
„Strains, script t 
pt l longitudinal strains. More. 


nventional and true stresses and 
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After the upper yield point instability an increase of the transverse 
strain rate was measured, which was greater than the longitudinal strain 
rate. This phenomenon resulted in a rapid increase of the contraction 


Fig. 10 


= 


PARIIN N 


(c) (d) 


(a) and (2) : the evolution of oppositely moving Lüders fronts and the plastic 
after-Lüders irregularities in the displacement field presented by 


crossed. Moiré patterns (c) and (d) : Moiré ing si 
: : Moiré "ns 4 E 
double V-necking of specimens. e Ens — 


ratio, the values of which quickly exceeded the value of 0:5 for the in- 
compressible material and reached a, maximum of the order of 0-65, lying 

5 GE ed ^ 2 © 
at two-thirds of the Lüders strains. After this maximum was reached 
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Fig. 11 
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the longitudinal strain rate began to increase more rapidly than the trans- 
verse strain rate, resulting in a decrease of the values of contraction ratio. 
The bell shape of the contraction ratio curve at the Lüders region, with. a 
maximum exceeding the limiting value of 0-50, is due to the intrinsic 
instability of the material and the non-homogeneity of the strain field 
during the Liiders deformation. All lateral contraction ratio curves at 
the Liiders instability region presented the same shape. The only 
difference was in the maximum value attained, which diminished with the 
quantity of carbon contained in the steel alloys. Outside this region the 
contraction ratio curve continues to diminish and tends progressively to 
its stable branch, which is a part of a hyperbola corresponding to an ideal 
material with the same characteristics as the material tested, but without 
Lüders instability. The stable branch of the lateral contraction ratio 
curve is reached at a strain much greater than the Lüders strain. The 
specimen continues to deform non-uniformly up to this strain but without 
further nucleation of Lüders bands and increase of the difference in level 
of the markings on its surface. Anyhow, inhomogeneities at the Moiré 
fringes persist on the gauge area and precisely on regions of previous 
nucleation of Lüders bands (figs. 2(a)-(d) and 10(b)). These markings 
and distortions on fringes presented an angle with the tensile axis which 
varied between 45 and 55°. They disappeared only after passing this 
strain, which may correspond to a stress equal to the upper yield point. 
Beyond this limit the plastic strain field in both directions becomes again 
uniform. Only in one case of specimens made of Steel DIN. St. 34 a 
discontinuous displacement field occurred in an advanced plastic region of 
loading. The Moiré patterns presented a concentration of Moiré fringes 
in various points, of a rosette-like shape. ‘These discontinuities of alae 
displacement field may be explained by conglomerated impurities at these 
points (fig. 9c). 
The lateral contraction ratio versus true strain or 
compared with theoretical curves resulting from the application of N adai’s 


formula (1950). With the values of moduli of elasticity and Poisson’s 
ratios accurately determined from the experimental res 


Bh: i : ults, the t i 
lateral contraction ratio variation was evaluated and traced eee 


The coincidence of both groups of values at tl : 
is satisfactory. The values of lateral ius n Bar Gt pu 
the conventional stress-strain curves were plotted in the m c e 
The difference between true and conventional lateral REN ea 
values far in the plastic range is rather insignificant although the us à d d 
ing stress-strain curves differ considerably in this region. orrespond- 
All experiments were terminated at the appearan = 
patterns at the area of the neck were sae Rie Moiré 


: complicated a 
evaluate. Besides the pattern due to the RA of ce to 
field, another pattern, due to the variable difference in shee eee 

a e 


neck's region, was present, influencing the first pattern. S 


was presented in many specimens while in other V-shaped m Wm 
cking 


stress curves were 
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appeared ; in all cases the measured necking angles with the longitudinal 
axis of the specimen ranged between 55 and 60?. Figure 10 (c) and (d) 
shows the two cases of necking. 
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ABSTRACT 


The work-hardening properties of niobium single crystals grown by 
electron-beam zone-melting have been investigated over a wide range of 
purities, orientations, temperatures and strain-rates. Three stages of 
hardening are observed after the onset of plastic flow. The initial flow stress 
decreases with increasing purity, increasing temperature and decreasing 
strain-rate. In stage I the work-hardening rate 0, is low (~G/10 000 at room 
temperature) and increases with increasing temperature and decreasing strain- 
rate. The extent of stage I is a maximum at ~273°K and stage I is absent 
for multiple slip orientations. In stage II the work-hardening rate 0,, is high 
(~G/600) and is approximately independent of temperature above 295°r. 
0, is greater for multiple slip orientations and also increases with increasing 
purity. In stage III the work-hardening rate decreases continuously until 
fracture. Stage III is more prominent at high temperatures and the stress at 
the onset of Stage III, 7,,,, decreases with increasing temperature. Slip-line 
observations show that slip occurs initially on (011) planes and that in stage II 
bands of secondary slip occur. The nature of the slip lines observed in stage I 
is compatible with the view that some cross-slip of screw dislocations occurs 
and that edge dislocations slip much further than screws. 


$1. INTRODUCTION 


THE most characteristic feature in the deformation of single crystals of 
body-centred cubic metals, as opposed to face-centred cubic and hexagonal 
metals, is the high initial flow stress and its rapid increase with decreasing 
temperature (for review, see Conrad 1963). Impure b.c.c. metals also 
exhibit a ductile-to-brittle transition, but in recent years it has been shown 
that zone-refined crystals of many b.c.c. metals are ductile at temperatures 
as low as 42^x. For example, plastic flow at 4-2°x has been observed 
in molybdenum (Lawley et al. 1962), iron (Smith and Rutherford 1957), 
tungsten (Schadler and Low 1962) and tantalum (Ferris et al. 1962), 
although in each case the strain to fracture is still observed to decrease 
rapidly with decreasing temperature below room temperature. 

The work-hardening curve of single crystals of b.c.c. metals has not been 
so thoroughly investigated as for f.c.c. metals. Three-stage hardening, 
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characteristic of f.c.c. metals, has not been observed in b.c.c. metals, such 
as tantalum (Ferris ef al. 1962), molybdenum (Lawley et al. 1962) and ae 
sten (Rose et al. 1962). Instead, the work-hardening rate is genere y 
observed either to decrease continuously with increasing strain after an 
initially high rate, or else the curve is approximately flat during the entire 
deformation. This paper describes a systematic study of the work- 
hardening characteristics of single crystals of niobium as a function of pu j 
orientation, temperature and strain-rate. Observations on the nature of 
slip-lines will also be reported. It will be shown that niobium single 
crystals exhibit three-stage hardening, and that the orientation and 
temperature dependence of the work-hardening curves are similar in some 
respects to those of f.c.c. metals}. 


§ 2. EXPERIMENTAL PROCEDURE 
2.1. Preparation of Single Crystal Specimens 


Single crystals of niobium were grown by electron-beam zone-melting, 
using a modified form of the apparatus described by Calverley et al. (1957). 
The starting material was tin. diameter rods of vacuum melted niobium 
supplied by Murex Ltd. The rods were given five zone passes from top to 
bottom at a speed of 30 em per hour and a final pass at 12 cm per hour in a 
vacuum of better than 5x 10-9torr. The initial gas content of the rods 
was low, so that the rod diameter remained fairly regular and intermediate 
swageing was unnecessary. Seeding was achieved by making five zone 
passes, cutting the rod and then joining onto a crystal of the desired orienta- 
tion for the final pass. This treatment usually gave about 10cm lengths 
of niobium erystals suitably straight and uniform for tensile testing. 

A preliminary analysis of the impurities in the niobium before and. after 
zone-melting is shown in the table. It is seen that the melted niobium 
contains more than 0-195 by weight of both tantalum and tungsten (the 
latter probably coming from the tungsten filament) but these substituti 
impurities are unlikely to effect the mechanical properties of niobium 
crystals to any greatextent. Gaseous and interstitial impurities will have a 
greater effect on the mechanical properties but these impurities are present 
in much smaller quantities: the total gas content is less than ~ 50 p.p.m 
and interstitial impurities such as silicon, sulphur and phosphorus em 


present in quantities less than ~2p.p.m. (The carbon content has not 
yet been analysed.) 


Specimens were prepared for tensile testin 
3 cm lengths using a spark-cutting machine a 
to a gauge-length 1-9 em long and 


onal 


g by cutting the crystals into 
nd then shaping the specimens 
~2mm in diameter by spark-lathing. 


f Keh (private communication) has recently observed three-sta, 
in iron single crystals deformed at room temperature. The work-hardeni 
rates in stages I and II are respectively between G /1000 and. G/1500 and T eee 
G/400 and G/900, and the orientation dependence of the Birds abu. ween 
is similar to that for niobium described in § 3.3. : EUINOS 


ge hardening 
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About 100g was chemically polished from the surface in a HF/HNO, 
solution in order to remove the damage introduced by the sparking process. 
Tensile deformation was carried out in an Instron table model testing 
machine at a standard strain-rate of 4-4 x 10-5sec-!. The niobium crystals 


m O 


were deformed at various temperatures in baths of liquid nitrogen (77°x), 
solid/liquid isopentane (113?x), solid/liquid methyl alcohol (175°R), 
acetone/carbon dioxide (201°K), solid/liquid chlorobenzene (228?x), 
ice/water (273?x), stirred water (295°K) and temperature-controlled 


silicone oil (323? to 513?x). 
Impurity analysis of niobium before and after zone-refining. The solid 


elements were analysed at N.P.L. by mass spectrometry and the 
figures are accurate to a factor of 3 in either direction 


Content in p.p.m. by weight 
Element 
Starting material| Zone-refined material 

H 17 11-14 
(0) 20-50 20-30 

N <10 <10 

Al 3 1-2 

Cu 4 4-6 

Ge «1 «1 

Fe 50 10-100 
Mn «ll «1l 

Mo 40 «lI 

12 <l <l 

Ta ~1200 ~2500 

S 5 2 

Si 2 2 

Sn 2 «1 

m <1 65-110 
Were UE) ~1300 


Slip-line observations were made on lin. diameter niobium crystals 
after six zone passes. A 1-9cm gauge-length was shaped on each specimen, 
using a spark-cutting machine to give a square cross- section oriented so that 


screw dislocations emerged from one pair of faces and edge dislocations 
from the other pair. 


2.2. Calculation of the Shear Stress-Shear Strain Curves 


Shear stresses and shear strains were calculated on the assumption that 
slip occurs on (110) planes in [111] directions and this was confirmed by 
slip-line observations as described in $3.6. A crystal with its tensile 
axis initially oriented in the [001]-[101]-[111] stereographic triangle 
deforms by ‘single glide’ on the primary system (011) [111]. 

As shown in fig. 1, the tensile axis moves towards the slip direction [111] 
until the [001]-[101] symmetry plane is reached, when the conjugate 
system (011) [111] is equally stressed with the primary system. If slip 
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occurs equally on both slip systems ( double glide’), the tensile axis moves 
towards [101] according to the relationship: 


sin B= Mt sin Bo 


Stereographic projection, showing t t tria n 
j j g the standard tri. ngle and the 

8 i i : : gle a assumed path 
on = tensile axis of a b.c.c. crystal deformed in single glide and double 


where f is the angle between [101] and the tensi is, Li 

l sile axis, lis th - 
of the specimen and Bo and Ia are the values of B and 1 ET e 
onset of double glide. It can be shown that the resolved sh i in 
double glide is given by : CUORE 


ecu cm 
AJ aya oes (45— B), 


where JW is the load and A, is the initial cross- 1 
strain in double glide is ion by: oss-sectional area. The shear 
€— eg 4- 4/61n ( l- cot 
l+ eot B," 


where eq is the shear strain already produced duri i : 
strains and shear stresses during single glide are MES hee ee 
as for f.c.c. crystals but the double glide formulae are differen z 
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example, Mitchell 1963). Preliminary measurements by the present 
authors indicate that niobium single erystals obey the single and double 
glide conditions fairly accurately, although the tensile axis tends to 
‘overshoot’ the [001]-[101] symmetry plane by about four degrees before 
double glide becomes fully operative (see $3.6). 


$3. ExPERIMENTAL RESULTS 
3.1. General Description of Shear Stress-Shear Strain Curves 
A typical shear stress-shear strain curve of a niobium single crystal 
oriented near the middle of the stereographic triangle and deformed at 
room temperature is shown in fig. 2. It is seen that the curve can be 
divided into three stages following the onset of plastic flow. 


Fig. 2 
1 1 1 ' 
o ‘ STAGE | : TRANSITION ‘ STAGE 2 : STAGE 3 
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Shear Strain € 


Typical shear stress-shear strain curve of a niobium single crystal, showing the 


different work-hardening stages and the definition of the various 
parameters. : 


In stage I the work-hardening rate is small and sensibly constant over 
about 20% shear strain for suitable orientations at room temperature. 
There is then a fairly large transition region of increasing work-hardening 
rate before the onset of stage IT, in which the hardening rate is much higher 
than in stage I and again sensibly linear over about 20% shear strain under 
suitable conditions. Stage IIT is characterized by a continuously decreas- 
ing work-hardening rate, leading to necking and finally fracture. There is 
also a short region (called stage 0) occupying about 5% shear strain in 
between the onset of plastic flow and stage I, in which the hardening rate 
is initially high but decreases rapidly to the low rate characteristic of stage I. 
In addition a yield-point is sometimes observed in stage 0, mostly for less 


pure specimens which had had few zone passes or else were taken from the 
lower end of the zone-refined rod. 
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The work-hardening curve of niobium single crystals is seen to be 
superficially the same as that of f.c.c. single crystals (see, for example, 
| Mitchell and Thornton 1963), except that the initial flow stress ry is about 
| 50 times higher than in f.c.c. metals at room temperature. In fig. 2 the 
shear stress, shear strain and hardening characteristics for each stage are 
defined in the accepted convention which is used for f.c.c. single crystals. 
The only additional features are that we have defined 7; and e, as the shear 
stress and shear strain at the beginning of stage I, and we have distinguished 
between the shear strain e, at the end of stage I and the shear strain e; 
i defined by the intersection of the extrapolated lines from stage I and stage 
| II. The fracture stress 7; is defined as the stress at the onset of necking. 


A 3.2. Influence of the Number of Zone Passes on Stress-Straim Behaviour 
| The influence of purity on stress-strain behaviour is illustrated in fig. 3 
j where shear stress-shear strain curves are plotted for niobium crystals of 
^ one orientation deformed at room temperature which have had between 
one and six zone passes. It is seen that there is a tendency for initial 


Fig. 3 
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Shear stress-shear strain curves at 295°K as a function of purity. The nu " 
Xf 2 gen Mis : nber 
of zone D undergone by each niobium crystal is indicated on fhe 
curves. Lhe four-pass curve has been omitted for clari : 
: clarity. (S E 
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yield-points to oceur for low Zone-pass crystals, es 
pass erystal which has a sharp yield-point. The initial yield stress > 
0 


decreases sharply with increasing number of zone 
passes althou 
to level off after the 4th pass, as shown in fig. 4. gh 7 tends 


pecially the one-zone 
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No. of Zone Passes 


The variation of z, and 0,, at 205? with the number of zone passes. 


The division of the stress-strain curve into three stages does not seem to 
depend on the number of zone passes to any great extent, although fig. 3 
does show that the change from stage I to stage II becomes clearer as the 
number of zone passes increases, the difference between 0, and 0,, increasing 
with increasing purity. In particular, the work-hardening rate in stage 
IL, 0,,, increases from — 4-5 Kg/mm? for one-zone pass niobium crystals 
to ~8-2Kg/mm* for six-zone pass material (see fig. 4). However, para- 
meters such as €,, e; and 7; do not seem to vary systematically with purity. 
In contrast, Lawley et al. (1962) found that e; was twice as large for six-zone 
pass molybdenum crystals as that for one-zone pass crystals. 

Some one-pass crystals were deformed at 77?x and it was found that To 
is only slightly higher than that for six-pass material, indicating that the 
impurity contribution to 7; is not very temperature dependent. This effect 
was also noted by Lawley et al. (1962) on molybdenum erystals. 


3.3. Influence of Orientation 


Shear stress-shear strain curves for niobium crystals of seven different 
orientations deformed at room temperature are shown in fig.5. The most 
obvious effect of orientation is that the extent of stage I increases with 
increasing distance from the [001]-[101] symmetry boundary. In fact, 


for crystals on the symmetry boundary (erystal Nos. 15 and 17 in fig. 5) 
stage I is completely absent. 


2 


bely _ This is analogous to the orientation depen- 
dence of easy glide in f.c.c. single crystals, where the extent of easy glide 


decreases as the orientation approaches the [001 |-[111]symmetry boundary 


(for review, see Seeger 1958, Clarebrough and Hargreaves 1959, and Mitchell 
1963). How 


ever, as in f.e.c. crystals, stage I in niobium crystals ends well 
before the orientation of the tensile axis reaches the symmetry boundary, 
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as shown in fig. 5, where the theoretical onset of double glide during Dr 
mation is indicated by an arrow for each crystal. It appears from fig. ; 
that in most cases stage II begins just before the orientation of the crysta 
reaches the symmetry boundary; however, at higher temperatures stage 
II begins and ends before this orientation is reached. 


Fig. 5 
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Shear stress-shear strain curves at 295°K as a function of orientation. The 
arrows indicate the theoretical onset of double glide for each crystal. 
(64-5 x 10-5 secl.) 


AS The orientation dependence of some of the individual work-hardening 
characteristics, defined in fig. 2, is shown in fig. 6. The number of orien- 
tations investigated is not sufficiently extensive to make precise statements 


Tr Show considerable scatter but no systematic dependence on orientation ; 
€11^; €x €; and er decrease as the orientation approaches the [001]-[101] 


in the middle of the stereographic triangle, but for orientations on the 
symmetry boundary (crystal Nos. 15 and 17 in fig. 5), the linear hardening 
stage IT is much less prominent and stage ITI is more extensive than for the 
other orientations. In fact, the stress-strain curves of niobium crystals 
15 and 17 are much more like the ‘traditional’ curves obtained previously 
on b.c.c. single crystals such as iron, molybdenum, tantalum and tungsten 
f for which three-stage hardening has not been observed (see, for example, 
Allen et al. 1956, Edmondson 1961, Lawley et al. 1962, Ferris et al. 1962. 
Mordike 1962, Rose et al. 1962). It is possible that three-stage hardening 
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may be observable in other b.c.c. metals of suitable orientation and purity 
tested at favourable temperatures and strain-rates. In fact, we have also 
observed three-stage hardening at and above room temperature in six-zone 
pass tantalum crystals oriented in the middle of the stereographic triangle, 
and Keh (see § 1) has recently observed three-stage hardening in iron crystals 
of suitable orientation deformed at room temperature. 


Fig. 6 


Orientation dependence of the work-hardening characteristics defined in fig. 2. 


The shear Stresses To, 7,,; and rz and the work-hardening rates 0, and 6, 
are given in Kg/mm?. 


3.4. Influence of Temperature 

Shear stress-shear strain curves of 12 niobium erystals of one orientation 
deformed at temperatures between 77?x and 513?x are shown in fig. 7. 
The most significant effect of temperature is that the initial flow stress 
inereases rapidly with decreasing temperature below room temperature. 
The extent of stage I is a maximum at 273? and decreases with increasing 
temperature, while the extents of stages IT and III decrease and increase 
respectively with increasing temperature above 273°K. Below 273°K the 
behaviour of the stress-strain curves is less systematic: the division of the 
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curves into three stages becomes less clear, as shown in fig. 5 by the curves 
at 228° and 201°x, and the amount of uniform shear strain before necking 
occurs decreases rapidly below 201°K. Ductile fracture was still observed, 
but deformation tended to concentrate in a small region of the gauge-length 
especially at 77, 113 and 175°x. Twinning was sometimes observed at 
77°« but this has not yet been investigated systematically. 


Fig. 7 
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metals (for review, see Conrad 1963). Figure 8 also shows that above 
room temperature 7,,, decreases more rapidly than either To or rr. 

'The temperature dependence of the strain parameters €, €, 115 &n 
and erisillustratedinfig.9. Itisseenthatallofthe shear strain parameters 
have a maximum value at about 273?x, although the low temperature 
values are uncertain due to non-uniform deformation. Above 273° K 
the strain at the beginning of stage II, ez, and the strain at fne beginning 
of stage III, ¢,,,, decrease rapidly by a factor of ~ 4 between 273 and 513°k, 
while the strain at the onset of fracture, er, decreases by only a factor of 
e 1:5. 

Fig. 8 
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Temperature dependence of To, 7,,, and 7r- 


The temperature dependence of the work-hardening rates 0, and 9,, 
in stages I and II respectively is shown in fig. 10. It is seen that 0, 
increases very rapidly with increasing temperature between 201°K, where 
0, is nearly zero, to 513°K, where 6, approaches the value of the work- 
hardening rate in stage II. Figure 10 shows that 6,, is approximately 
constant above 295?x, but below 295°x there are two possible curves 
through the experimental points. One curve shows that 6}, increases with 
decreasing temperature below 295°x, but this depends on the two high 
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Fig. 9 
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values obtained at 175°K which may be too high as a result of non-uniform 
deformation and the absence of three stage hardening. The other curve 
shows that 6,, is a maximum at ~ 273°K; this depends on the low values 
obtained at 201 and 228?k which should be valid as the deformation was 
uniform and three stage hardening was observed. 

The constant value of 6,, above room temperature corresponds to 
6,,~G/600, using the shear modulus G corresponding to shear on {110} 
planes in (111) directions: 

G = 1(63 — C12 + Caa)- 
The data of Bolef (1961) give @=4-7 x 10° Kg/mm? for niobium at room 
temperature. The value of 6,,/G for niobium single crystals is at the lower 
limit of the range of values for 6,,/G in f.c.c. metal crystals (see Mitchell 
1963). 

In contrast to the above observations, Mordike (1962) observes a strong 
increase with increasing temperature in the work-hardening of tantalum 
erystals deformed in compression. The numerical values of the work- 
hardening rate of tantalum (1 to 3Kg/mm?) seem to correspond more 
closely to our values of 6,, rather than 0,,, for niobium crystals. Mordike 
also reports that the work-hardening rate of iron single crystalsisa maximum 
at about 50°c, and similar observations have been made on polyerystalline 
iron by Keh and Weissman (1963). 


3.5. Influence of Strain-rate 


Shear stress-shear strain curves of seven niobium crystals of one orien- 
tation deformed at room temperature at strain-rates between 1x 10-* 
and 4-5 x 10-95sec-! are shown in fig. 11. Increasing the strain-rate is in 
some ways equivalent to decreasing the temperature: for example, To 


Fig. 11 
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i increases with increasing strain-rate. However, there are additional effects. 
| Figure 11 shows that, as the strain-rate is increased, the transition from 
stage I to stage II becomes less well defined, until at the two highest 
strain-rates the transition becomes a region in which the work-hardening 
rate at first increases and then decreases before the onset of stage IT. This 
phenomenon has also been observed on a crystal deformed at 228^x at the 
standard strain-rate of 4-5 x 10-5sec-1. 


Fig. 12 
T 
um co DE Sp quer p 
DE X > i 
L 4 
Sn 
6 [kg mn? J 
x x | 
! | x DN P 
\ i 4t z 4 
Ni Y eus D 
by j RS 7 
t ( ea | 
al E 1 
zm 6, | 
— o 


— 
F5 -i z z 
10 10? er, lg? O o 


Strain-rate dependence of 79, 0, and 0, at 295°x. 


To 0, and 6,, are plotted against log e, where e is the strain-rate, in fig. 12 
Tt is seen that, increases linearly with log ¿over two sta ges with SE St p 
até x 5x 10sec. Three such stages with different slopes were obt i ea 

by Sargent et al. (1962), using commercially pure polycrystalli : de 
and by Fourdeux and Wronski (1963), using feck E : e oe 
different results obtained in the three sets of experiments mobium. The 
differences in impurity levels in the various types of niobium at x us e 
tion volumes v can be calculated from the slopes of the mes f Rn. 
log é in fig. 11 (Mitchell and "Thornton 1963), giving PIE Ao VE raue 
range of strain-rates and ~30b for the higher ran; e Th ee 
correspond well with the two stages observed below x ; nese values 
i Fourdeux and Wronski (1963). €—9 x 10-?sec-1 by 

Figure 12 also shows that 0, decreases sli Bae i, ee 

which corresponds qualitatively with the ec eae ele strain-rate 
| temperature in fig. 10. In addition it is seen that 0 d with decreasing 
with increasing € at high strain-rates and that os m s strongly 
maximum at €~5 x l0-?sec-1, Figure 10 also shows that not pho 
corresponding maximum in the 6,, versus temperature pus HE a 
E: K. 
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Other work-hardening parameters, such as €;,, 7111 and rr, do not seem to 
exhibit any systematic dependence on strain-rate. 

It should be noted that the strain-rate dependence of the stress-strain 
curves (fig. 11) is markedly higher than those of f.c.c. erystals (Berner 1960). 
This may be simply due to the much greater temperature dependence of the 
flow stress for niobium than for f.c.c. crystals. 


3.6. Slip-line Observations 

Slip-line observations were made after various amounts of deformation at 
room temperature on a niobium crystal of square cross-section, as described 
in $2.1. The faces on which edge and screw dislocations emerge will be 
called faces 1 and 2 respectively. The orientation of the crystal and its 
stress-strain curve corresponded very closely to number 43 (fig. 5). 

In stages 0 and I the slip-lines on face 1 were observed to be wavy 
(fig. 13 (@)), in common with other b.c.c. metals (Maddin and Chen 1954). 
The slip-lines on face 2 were more difficult to observe, but in oblique 
illumination appear quite long and straight (fig. 13(b)); these slip-lines 
were most easily observable near the edges of the specimen where the 
faces were somewhat rounded and therefore not strictly parallel to the 
Burgers vector. The general direction of the slip-lines in fig. 13 (a) is 
consistent with slip on the primary slip-plane (011), and there is also evidence 
for connecting slip on (110), whichis one of the cross-slip planes. Polishing, 
followed by an increment of strain in stage I, gave slip-lines on face 2 which 
were still long and straight, while the slip-lines on face 1 appeared to be 
broken up into short wavy segments. These observations appear to be 
similar to those of slip-bands in single crystals of 3-2% silicon-iron, revealed 
by etching (Low and Guard 1959). The presence of very long straight 
slip-lines on face 2 suggests that the edge dislocations travel over very long 
distances, while that of the wavy slip-lines on face 1 implies that the screws 
travel only relatively short distances before they are either stopped or 
cross-slip onto another plane. The waviness of the slip-lines on face 1 is 
then due to the existence of short edge segments of dislocation loops on 
closely spaced planes giving the appearance of a continuous wavy slip-line. 
It is quite likely that the loops on nearby slip-planes are generated by the 
double cross-slip mechanism suggested for silicon iron by Low and Guard 
(1959) and confirmed by electron microscopy (Low and Turkalo 1962), 
in which the screws cross-slip over only relatively small distances, producing 
jogs of heights up to a few 100 A, but so far no direct experimental evidence 
is available for this mechanism for niobium. Figure 14 shows how the 
double cross-slip mechanism in its simplest form can give rise to wavy 
slip -lines on face I and straight slip-lines on face 2, the essential feature 
DOS the elongation of the loops along the serew direction. 

The transition from stage I to stage I 


Ti ied by the eara 
of secondary slip-bands on face s accompanied by appearance 


2, as shown in fig. 13(c). This happens 
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Fig. 13 (continued) 


(e) 


(e) Double slip on the primary and conjugate slip-planes as seen on face 2 
(e=0:86 after polishing at e—0-74). x75. 


before the tensile axis reaches the [100]-[101]symmetry plane. Such second- 
ary slip-bands are also seen in « brass crystals at the onset of stage II 
(Piercy etal. 1955). Ifthesecondary slip-lines in fig. 13 (c) are assumed to be 
caused by dislocations with the [111] conjugate Burgers vector, then the 
slip-plane appears to be near (121), rather than (011), although this could 


_ not be determined very accurately since [111] is inclined at only about 15° 


to face 2. As the crystal is further extended into stage II, the density 
of secondary slip-bands on face 2 increases and at the same time the bands 
can also be detected on face 1 (see fig. 13(d)). The slip-lines on face 1 in 
fig. 13(d) are too wavy to be identified with any particular slip-plane. 


Fig. 14 
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The double cross-slip mechanism of Low and Guard 


i 1959), showing how wavy 
slip-lines can be formed on face 1 and straight ai eats on m 2. D 
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It is also observed that the straight slip-lines on face 2 gradually 
become shorter during stage IT, as observed for f.c.c. crystals, whilst the 
‘wavelength’ of the wavy slip-lines on face 1 decreases. 

At the end of stage IT, when the orientation of the tensile axis just over- 
shoots the [001]-[101] symmetry plane, there is no longer any tendency for 
secondary slip-bands to occur and instead secondary slip is distributed 
uniformly on face 2, as shown in fig. 13(e). However, the tensile axis 
continues to ‘overshoot’ the symmetry plane by about four degrees, despite 
the amount of secondary slip which has occurred. In stage III the slip- 
line structure appears to be much the same as that at the end of stage IT. 
Crystals fracture by necking down to a chisel-edge. 


$4. Discussion 
4.1. The Onset of Plastic Flow 


It has been shown that the stress at the onset of plastic flow, 79, increases 
rapidly with decreasing temperature and increasing strain-rate in niobium 
crystals. Conrad (1963) has examined the available data on the tempera- 
ture and strain-rate dependence of the flow stress of various b.c.c. metals. 
He finds that the calculated values of the associated activation energies 
and activation volumes are consistent with the theory that the flow stress 
is controlled by a lattice friction stress (Peierls stress), rather than by 
interstitial impurity effects or the non-conservative motion of jogs, which 
are alternative possibilities, 

Hirsch (1960) and Mitchell et al. (1963) have Suggested a mechanism 
whereby a lattice friction stress can occur in b.c.c. metals as opposed to 
close packed metals. The important point is that screw dislocations in the 
b.c.e. lattice have three-fold symmetry with respect to the possible slip- 
planes. There is thus the possibility that a screw dislocation can dii e 
simultaneously along three planes. Itis usually assumed that dissociati 
occurs on (211) planes according to the reaction : SUA 


(211) planes to form two more twin type 


sno +ga. 
The dissociation could also take place on three j 
If such dissociations occur in screw dislocation, ei 
formed or high energy faults must be created 
move. In either case there will be a temperatu 
stress opposing the motion of Screw dislocati 
the flow stress of b.c.c. metals. Figure 15 sho 
formed in a screw dislocation, starting from 
configuration. Sleeswyk (1 963) has recently i 


ws how a constriction can be 
the symmetrical three-fold 
nvestigated the dissociation 
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of screw dislocations in the b.c.c. lattice, and has found that it is energeti- 
cally more favourable for dissociation to occur on two rather than three 
inclined {211} planes (see fig. 15). However, in this case too a constriction 
or production of a high energy fault will be necessary before the dislocation 


can move. 


zafi] @ v 


tafi] 


Lo[ui Salil] 


sail] 


(5) soli 


(a) Three-fold dissociation of a screw dislocation in the b.c.c. lattice, and its 
constriction under the action of an applied stress v. (b) Two-fold 
dissociation as proposed by Sleeswyk (1963). 


The three-fold dissociation described above will not occur in edge dis- 
locations because they lack the necessary symmetry. Hence the lattice 
friction stress impeding edge dislocations may be smaller; edges should 
therefore be more mobile than screws and the elongated loops in silicon iron 
may be a consequence of this fact. Similarly the long straight slip-lines 
and the short wavy slip-lines on faces 2 and 1 respectively of the niobium 
single crystal described in $ 3.6 may be accounted for in this way. Another 
consequence of this dissociation of serews is that the dislocations may prefer 
to align themselves along this low energy direction, and this is often observed 
in b.c.c. metals (Low and Guard 1959, Low and Turkalo 1962, Keh and 
Weissman 1963). Furthermore, since the movement of a screw may 
involve either a constriction or the production of a high energy fault, the 
activation energy involved is likely to be similar to that required for cross- 
slip, because, although a serew may not be able to move easily in this lattice, 
if the stress is large enough to move it at all, it is probably large enough to 
induce some cross-slip. 
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If the stacking-fault (or misfit) energy, y, were known, the order of magni- 
tude of the lattice friction stress at the absolute zero, 7s(0), on the screws 
could be estimated from the criterion that two of the partials must be 
constricted to a separation of the order of the core radius, ry, before the 
screw can move. This stress depends sensitively on y and rp and all that 
can be said at this stage is that for reasonable values of y and rọ very high 
values for 7s(0)  G[100 can arise. Itis not at all clear however whether the 
observed value of the flow stress at 0°x, 79(0), which is of the order of G/100 
(see Conrad 1963), is controlled by the movement of screws rather than by 
thatofedges. Steinand Low (1960) havereported a correl ation between the 

id temperature dependence of 7, and that of the stress required to move edge 
dislocations in silicon iron. Nevertheless, the production of new loops by 
the double cross-slip mechanism, as observed for silicon iron (Low and 
Turkalo 1962), requires movement of screws, and the relative influence 
of the motion of edges and screws on the macroscopic flow stress is still 
far from clear. 


4.2. Stage I 


It has been shown in $3 that the extent of stage I decreases, and the work- 
hardening rate increases with increasing temperature in niobium crystals 
deformed at temperatures greater than 273°k. In this respect stage I 
in niobium is similar to easy glide in f.c.c. metals and there are also simila- 
rities in the orientation dependence of these regions. It is likely therefore 
that stage I in niobium can be explained in a similar way to easy glide in 
f.c.c. metals. (For some additional discussion see next section.) For 
example, stage I in niobium ends when extensive secondary slip Occurs ; 
the probability of secondary slip occurring increases as the orientation 
approaches the [001]-[101] Symmetry boundary and hence the extent of 
easy glide decreases and 0, increases, Furthermore, the operation of 
thermal fluctuations so that the 


extent of easy glide decreases with increasing temperature. The work- 
hardening rate may also be controlled by 


n ate m interactions with Secondary dislo- 
cations and in this way the temperature dependence of 0, may be explained 
E a rever, below 273°x, although 6, continues to decrease 
ihe extent of stage I also decreases and the behaviour i xt 
risnol p 3 
to f.c.c. metals. COSE 


OE ceci a cm 
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slip intervenes to block the slip-lines, Further development of eee 
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4.3. Stage II 


As described in $3.4, the work-hardening rate in stage II for niobium 
crystals is approximately independent of temperature above 295°K and 
equal to G/600 (for an orientation in the centre of the triangle), which is a 
little less than the value usually observed in f.c.c. metals. The slip-line 
observations described in $3.6 show that during stage IL conjugate slip 
oceurs extensively and the slip distance on the primary system decreases. 
Tt is also observed that 6,, tends to increase as the orientation approaches 
the [001 ]-[101] symmetry plane. Tt is therefore likely that interactions 
between primary and secondary dislocations are important in stage II 
hardening. ‘There is thus a strong similarity between stage II hardening 
in niobium and f.c.c. metals, which indicates that the basic hardening 
mechanisms are probably the same, except for the obvious crystallographic 
differences in the slip systems. Several mechanisms for stage II hardening 
have been proposed, in which the flow stress is controlled either by long- 
range stresses from piled-up groups of dislocations, or by interactions 
with forest dislocations, by sessile jogs on gliding dislocations, or by bowing- 
out of dislocation loops (see, for example, Seeger 1958, Basinski 1959, 
Hirsch 1958, Kuhlmann-Wilsdorf 1962, Hirsch 1963 and Mitchell 1963). 
Any of these models for the flow stress could be applicable to b.c.c. metals. 

The hardening rates will depend on the arrangements of dislocations 
assumed. At present no detailed electron microscope observations are 
available on the nature of the dislocation structure in deformed single 
crystals of niobium. However, experiments on large grain polyerystals 
(Wronski and Fourdeux) have revealed dipoles, tangles and cell structures 
similar to those seen in copper (Howie 1962, Steeds and Hirsch 1963, 
Essman 1963). Similar structures for niobium have also been reported 
by Van Torne and Thomas (1963) and Steigler ef al. (1963). Tt is likely 
therefore that, as in the case of f.c.c. crystals, only work-hardening theories 
based on essentially non-uniform distributions of disloeations will be 
applicable. Seeger's theory based on a random distribution of piled-up 
groups of dislocations satisfies this requirement, but the evidence for cell 
structures in b.c.c. metals suggests that the model of stage II hardening 
proposed by one of us (Hirsch 1963) is more appropriate. The model is as 
follows, based on electron microscope observations on copper: 

In stage I bands of dipoles are formed; with increasing strain the size 
of the gaps between them decreases and therefore the stress required to 
push dislocations through these gaps increases. Stage TI begins when the 
applied stress plus internal stress resolved on the secondary systems is 
sufficient to activate secondary sources near the dipole bands. ‘The result- 
mg local slip on secondary systems leads to local interactions between 
primary and secondary dislocations in the gaps and in the bands of dipoles; 
the gaps are now filled with secondary dislocations and short lengths of other 
dislocations formed by interactions. As a result closed barriers of disloca- 
tions are formed surrounding the original sources. The detailed nature 
of the barriers may be different in b.c.c. crystals, e.g. in respect of the 
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relative importance of dipoles and possibly screw dislocations remaining 
in the crystal. However, the orientation dependence of the end of easy 
glide and the occurrence of secondary slip suggests that just as for f.c.c. 
crystals the barriers are made continuous by the operation of secondary 
sources. ; 

In f.c.c. crystals one of the important types of resultant dislocations 
formed by interaction, and observed in Cu (Steeds and Hirsch 1963), is the 
Lomer-Cottrell dislocation. In b.c.c. crystals there is a similar reaction 
between primary and conjugate dislocations: 


“f111j+S[11T] = afo10}. 


The resultant dislocation is an edge dislocation along [100], which could 
glide only on a (001) plane; this is not a normal slip plane. Dislocations 
with [100] Burgers vectors have been observed frequently by transmission 
electron microscopy in polycrystalline b.c.c. metals (e.g. Carrington et al. 
1960, Keh and Weissman 1963, Keh 1962, Benson et al. 1962). 

In stage II it is proposed in the model that dislocations become stopped 
when they pass too close to an existing region of high density of dislocations ; 
the long-range internal stress due to the piled-up group at the obstacles 
is (locally) relieved partially by secondary slip, transforming the original 
pile-up into another obstacle consisting of a high density of primary and 
secondary dislocations and dipoles. The obstacles in stage IT are therefore 
the ends of previously formed slip-lines transformed into regions of high 
dislocation density. These obstacles are sufficiently long to stop a new 
slip-line around the whole of its circumference. Since every new obstacle 
is formed near one produced at a lower strain, two-dimensional structures 
are built up in stage II, forming the walls of a rather irregular cell 
structure. The number of obstacles increases, the mean free path decreases 


It turns out that the work-hardening rate 
radius of the obstacles, Secondary sources will be activa 
surrounding the pile-up within which the total resolved shear stress on 
secondary planes exceeds the flow stress for secondary dislocations 
Within this region the secondary dislocation density will be high but 
decreases with increasing distance from the pile-up, and at least in part of 


this region will be sufficient to stop subsequently formed slip-lines. The 
radius Jt of the obstacle is then considered to be a c 


pile-up length, a, on the primary system. W riting 
rate @,, is found to be 6,,=k,G/87, where G is the s} 
Ji as half the radius of the region in which Secondar 
for a f.c.c. crystal orientated in the centre of the trian lvi 

as found for Cu, to be compared with G [600 for M dm : é te Se 
the geometry of the secondary slip systems is of course different ud k 
may differ on that account. However, this difference is not expected i 
be large. If there is overshoot of the symmetry plane, the flow stress 


ted in a region 
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for secondary sources is greater than that for primary sources ; this will mean 
that k; is smaller the greater the degree of overshoot, for the same orienta- 
tions of the crystalsin stage II. Thesmaller work -hardening rate of a-brass 
compared to that of Cu is attributed to this effect (Hirsch 1963). As men- 
tioned in $3.6, niobium crystals exhibit overshoot of several degrees over the 
symmetry plane, and this may therefore be one of the factors leading to the 
rather lower value of6,,. It should also be mentioned that for Cu, 10-20% 
of 0, is due to a temperature dependent hardening contribution ; for a 
change of strain-rate the change in stress Ar is proportional to 7 in stage II 
(Thornton et al. 1962) ; for niobium however Ar is found to decrease slightly 
with increasing 7 at room temperature (for strain-rate changes between 
5x10-> and 5x10-5sec-1); hence the work-hardening rate 0,, would 
again be expected to be lower than for Cu. The experiments on strain-rate 
changes suggest that the variation of 0,, with strain-rate (fig. 12) and tem- 
perature (fig. 10) is at least partly due to the variation of the flow stress with 
temperature and strain-rate. For example, the lower work-hardening 
rate at €=5 x 10-4sec-!, compared to that at ¿=5 x 10—?sec-1, correlates 
with the fact that the change in stress Ar on cycling between these two strain- 
rates decreases with increasing r. Further experiments are in progress. 


4.4. Stage III 


The onset of stage III in niobium is strongly temperature dependent, 
as is the equivalent stage in f.c.c. metals. The decrease in work-hardening 
rate at the onset of stage III in f.c.c. metals is explained by the occurrence 
of thermally activated cross-slip of screw dislocations. It is uncertain 
whether this explanation can be applied to niobium, in which cross-slip 
can very likely occur, at least on a small scale, immediately after the onset 
of plastic flow. It is possible that either large-scale cross-slip or the 
breakdown of dislocation barriers causes the onset of stage ILI in niobium. 

The last problem to be considered is the decrease in er, the uniform strain 
to fracture, with decreasing temperature below 228?x. It may be signi- 
ficant that c, starts to increase very rapidly with decreasing temperature 
below 228?x and that 0, approaches zero below 228°x. Thus at low 
temperatures plastic flow will begin at some particular part of the crystal 
(where the cross-sectional area is slightly smaller, or at an internal stress 
concentration, etc.) and, because the stress is so high and the hardening 


rate is so low, slip concentrates in the same part of the crystal and a fracture 
neck forms. 


$5. CONCLUSIONS 


(i) Three-stage hardening has been observed in niobium single crystals 
deformed in tension, and this has been investigated as a function of purity, 
orientation, temperature and strain-rate. 

; (ii) In stage I, which follows the onset of plastic flow after a short transi- 
tion region (stage 0), the work-hardening rate 6, is low (~ @/10 000 at room 
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temperature) In stage II the work-hardening rate is much higher 
(~ G[600) and in stage III the work-hardening rate decreases continuously 
until fracture occurs. 

(iii) The main effects of increasing the number of zone passes (increasing 
the purity) are to decrease the initial flow stress and to increase 6,,. 

(iv) The extent of stage I decreases as the orientation approaches the 
[001]-[101] symmetry plane and for multiple slip orientations stage I is 
completely absent. 6, and 6,, are higher for orientations near the [001 ]- 
[101] symmetry plane. 

(v) The initial flow stress 7) increases rapidly with decreasing tempera- 
ture. 60, decreases with decreasing temperature while 6,, is approximately 
constant above 295?x and appears to show a maximum at 273?x, 
before decreasing at lower temperatures. The extent of stages I and II 
and the uniform strain to fracture all show a maximum at about 273°K. 
Below 228°x three-stage hardening starts to disappear and at temperatures 
below 175°x necking follows the onset of plastic flow almost immediately. 

(vi) The main effects of increasing the strain-rate € are to increase To 
and to decrease 0, and 6,, although 6,, appears to exhibit a slight maximum 
which may correspond to the maximum in the 6,, versus temperature 
curve. To increases linearly with log € over two ranges of é with different 
slopes. 

(vii) Slip-line observations indicate that edge dislocations can slip over 
large distances on (011) planes in stage I, while screw dislocations slip much 
smaller distances; the observations are consistent with the double cross- 
slip multiplication mechanism proposed for silicon-iron (Low and Guard 
1959). The transition from stage I to stage II is accompanied by the 
appearance of secondary slip bands and the development of these bands 
probably causes the high work-hardening rate in stage TT. 

(viii) Itis suggested that 7, may be partly controlled by a lattice friction 
stress on screw dislocations, which by virtue of their three-fold symmetry 


may be extended on three intersecting planes and which may require 
constriction before they can be moved. 


(ix) The work-hardening characteristics in i 

(o) i ‘ stage IT are interpreted in 
terms of the cell formation theory of work-hardening ood f.c.c 
crystals (Hirsch 1963) and are ici. 


equally applicable to b. e 
Possible reasons are given for the rather lower values of 6:1 for em 


The authors are grateful to Professor S 
Dr. W. H. Taylor for encouragement and for 
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ABSTRACT 


Transmission electron microscope studies of germanium deformed at 
strain rates that were large relative to the temperature of deformation 
showed the dislocations to be straight and aligned along <110> and «1125 
directions. All of the simple combinations of Burgers vector and line 
direction were encountered except two. Numerous T joins and elbows 
were found at which the line tensions were not balanced. Two types of 
dislocation dipole were found, namely pairs of dislocations aligned along 
«110» directions and pairs of dislocations aligned along <112> directions. 
The two types of dipole were equally numerous. Forty-five small angle 
boundaries were observed of which eleven were on (111) planes, thirteen 
were on {112} planes, eleven were on (110) planes, six were stepped and only 
four were curved. Sharp dislocation walls were formed even when the 
boundaries were not planar. The results are discussed in relation to geo- 
metrical models of dislocations in germanium and in terms of kink theories 
of dislocation movement. 


$1. INTRODUCTION 

TRE directional properties of the covalent bonds involved impose simple 
erystallographie characteristics on defects in diamond- and sphalerite- 
structure crystals. It has been shown that it is possible because of this 
directionality to draw the arrangement of the atoms and the bonds in the 
cores of dislocations (Hornstra 1958) and of grain boundaries (Hornstra 
1959, 1960) in germanium and in structurally related compounds (Holt 
1962). In addition, certain aspects of the core energy of the dislocations 
can be dealt with on this basis (Holt 1962). 

Transmission electron microscopy is the best technique available at 
present for the experimental study of defect geometry. Irving (1961), 
Alexander and Mader (1962), and Phillips and Dash (1962) have developed 
techniques which produce specimens of covalently bonded crystals in the 
form of thin foils. Foils of brittle materials which are also optically 
transparent at the thicknesses required for transmission electron microscopy 
have severe disadvantages however. An alternative chemical polishing 
technique which produces comparatively sturdy specimens has, therefore, 
been developed. Similar techniques have been developed by Riesz and 
Bjorling (1961) and by Booker and Stickler (1962). The applications of 
E ——————— M. eS 
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transmission electron microscopy to the study of defects in covalent 
crystals reported so far (Geach et al. 1957, Haase 1962) have included no 
systematic studies of defect geometry, however. X-ray microscopic 
techniques have also been used to study defects in covalent crystals but 
only in two cases have any results concerning the crystallographic geometry 
of the defects been presented (Jenkinson and Lang 1962, Bonse 1962). 
The present paper presents the results of additional studies of defect 
geometry employing transmission electron microscopy. 


$2. EXPERIMENTAL METHODS 
Microscope specimens were produced from macroscopic samples as 
follows : 
Discs were cut to fit into the Siemens Elmiskop specimen holder and 
polished with a variant of CP4 consisting of equal parts by volume of 
glacial acetic acid, concentrated (55%) nitric acid and hydrofluoric acid 
(38% -40% ) plus one drop of bromine to each 30 cm3 of solution, at 35°c 
to remove the damaged surface layers (Buck 1960). Polythene holders, 
similar to those used by Heidenreich (1949), permitting the reagent to 
attack only a small central circular area on one face, were then employed. 
By stopping polishing immediately before or after the discs holed through, 
transparent areas were obtained. 
The cleanest specimen surfaces were obtained by flushing with glacial 
p a lop the attack without preci pitating the reaction products, 
ng vigorously with methyl alcohol and drying rapidly in a stream 
of warm air. 
In order to study the types of defect 
treated in a variety of ways were examined. A lar 


shattering of the samples it was n 
portion of a sample a particular 


of 5°/em, 25-4°/om and 60°/em at 600°C in a hi 
pu machine which will be described elsewhere 
Ve also studied a number of monocr i i 
ystalline sa; i 

gone creep at temperatures from 470°C to so un b um aoe 
rine material but one was of lightly doped n-ty mo qul. e 
H. G. van Bueren of Philips Laboratories kindly gave us d ro E E^ 

ples. 


, ; ng Thinnin 

In specimens from the undeformed samples of the ing, i hi 

not heated in the beam, dislocations were very rarely EE m hich were 

density corresponded to about 104cm-2, The preliminary mem ee 
polishing 
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of the discs was therefore successful in eliminating the damage due to 
grinding and no dislocations moved into the thin areas during thinning. 

Dislocation movement could be produced only by severe heating of 
specimens in the electron beam of the microscope. A portion of the speci- 
men had to be vaporized in order to produce dislocation movement in a 
neighbouring region. "Trains of curved dislocations moving on u i 1j 
planes resulted, as shown in fig. 1. The dislocations originated in thick 
regions and moved toward the thin edge of the specimens. In one case 
dislocations were seen to move during heating. Their speed was too great 
to follow readily by eye and is estimated to have been of the order of 
10-3 em sec-t. 


2.2. Rectilinearity and the Types of Dislocations 


Two distinct types of situation were encountered, those in which the 
dislocations were curved as in fig. 1, and those in which the dislocations 
were straight as in fig. 2. This rectilinearity was characteristic and 
universal in certain of the creep and quench specimens. Most of the 
dislocations in certain of these specimens changed direction by forming 
sharp corners or elbows. Another characteristic of the micrographs of 
these specimens from quench and creep samples of germanium was the 
strong alignment of the dislocations along (110) and (112) directions. 
Such specimens are shown in figs. 2 and 3 and 4. Comparison of the seven 
different creep samples studied showed that in the three samples which 
had been deformed at 490 to 530°c the dislocations were rectilinear, whereas 
in the four samples deformed at 470°c the dislocations were less straight. 
The most striking rectilinearity, shown for example in figs. 4 and 7, occurred 
in the one creep sample consisting of doped material. Thus impurities 
may also play a role in alignment. The dislocations are curved and the 
alignment of the dislocations is poor in specimens subjected to constant 
strain rates at higher temperatures. 

In a number of cases in the present work it proved possible to determine 
the Burgers vectors of individual dislocations, except for the sign, by 
tilting the specimens. It was assumed that the Burgers vector was of the 
type 4a{110). The operative reflections when the dislocations were 
invisible were usually of the (224) or (220) type which are consistent with 
one and only one (110) direction for the Burgers vector. Determination 
of both the Burgers vector b and the line direction a determines the type 
of dislocation. In table 1 are given the specifications and descriptions of 
seven of the types of dislocations which were considered by Hornstra (1958) 
together with the numbers of each which were identified in this work. For 
comparison the numbers of the various types found by Bonse (1962), 
Haase (1962), and by Jenkinson and Lang (1962) are also given. Only 
types I to VII were found. No single dislocations aligned along any 
direction other than (110) or (112), such as Hornstra’s types VIII and 
IX which lie in (100) directions, were ever seen. For this analysis both. 
the observed projected direction of the dislocation and the observed 
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Fig. 1 


Trains of dislocations produced by heating a specimen in the electron beam. 
The specimen had been cut from the polycrystalline ingot and had not 
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been deformed before thinning. The plane of the specimen and the 
«110» and «112» directions in that plane are indicated on all the 
electron micrographs in this paper. 27000x. [d 
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Dislocations in a single crystal of intrinsic 
0:3% creep strain at 470*c under 
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Dislocations in a specimen cut from a quenched sample which was heated in 
the beam. Note the apparent kink loops marked L. 27 000x. 
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Dislocations in a sample of germanium which had undergone 0:3% creep 
strain at 500 c under a loading stress of 3-4 Kg/mm?. n-type, 28 ohm em 
material. Tis a T join and at D there is a dipole. 27000x. 
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dislocation length, and hence the approximate angle of the dislocation line 
to the plane of the foil, were taken into account. The projected direction 
always lay within 5? and generally within 2? of the projection of an accept- 
able (110) or (112) direction. These observations are significant from 
the point of view of kink theories of dislocation motion (Read 1953). 
The maximum kink density compatible with the pictures is one per ten 


zd atomic distances along the dislocation lines, as table 2 shows. Thus the 
ii statement that these dislocations are aligned is meaningful on an atomic 
: scale. 


Table 1. "Types of dislocations observed 


Angle of 
i : Burgers : 
m Slip plane | Line direction | vector | Description Number 
to line SR 
direction 
— [101], i.e. BC 0? Screw 2 
(111),1.e.8 | [OT1], ie. AB, | 60° 60° 7 3 (a) 
= eee cle: 1 (b) 
(010) [101], ie. AD | 90° Simple edge 4 Many 
7 ] (T11), i.e. | [211], ie. C8, | 30° 1 9) 
a ; e etc. 
(111), Le.8 | [121], i.e. a 90? Mobile edge 1 12 (a) 
(131) [211], ie. Dy, | 73? 13' 2 
= 2 ete. z 
(101) [121], ie. By, | 54° 44' 3 
ete. 


In all cases the Burgers vector considered is b=; : 
third column * etc. indicates that ee de BC. In the 
directions which will .be found listed in Hornstra (1958). n ns 
planes are both given in two terminologies: by means of Mii Directions and 
means of Thompson's (1953) reference tetrahe don uS er indices and by 
ment of indices to tetrahedron elements. In the last d particular assign- 
number seen by Jenkinson and Lang (1962), (b) ast column (a) indicates the 


(1962), and (c) indicates those seen by Haase a that found by Bonse 


The propagation of strongly aligned dislocati 
out of double kink loops which fall into a 
distance ahead. The loops marked L in fig. 3 a 
: of such kink loops or kink pairs. Similar loo 
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2.3. T Joins and Elbows 


T joins, that is three-fold nodes which deviated widely from the 120° 
form required for balance of line tensions, as for example that marked oy 
in fig. 4, were frequently seen. Elbows such as those marked E in fig. a 
which were points at which one single dislocation abruptly changed line 
direction and, therefore, type, were still more numerous. An Hitachi 
goniometer stage was used to establish that the elbows were not simply 
nodes with one dislocation invisible and that the dislocations meeting at 
the elbow had the same Burgers vector. At T joins and at elbows line 
tensions are unbalanced. However, it can be shown that both types of 
contact points will form if there exist processes which pull the dislocation 
into a particular alignment and lower its energy. 


Table 2. The angles jj, between the average directions of the dislocations 
containing one kink every ten repeat distances and their 
crystallographic directions 


I and II 3° 18’ 


III 5° 43’ 
IV and V 9° 50’ 
VI IS al 
VII Qo qu 


The height of the kink, k, is given by the distance between neighbouring 
planes normal to the slip plane and parallel to the line direction of the dis- 
location (Read 1953, p. 45). 'The repeat distance along the dislocation, e, is 
given by aj/(p?—q?—7*)!?, where p, q and r are the indices of the dislocation 
line direction a, and a, is the lattice parameter. 


Consider the formation of a right-angled T join from a 120° three-fold 
node, as shown in fig. 5(a) and 5(b). Dislocations A and B are pulled 
into the same low energy trough and the process propagates in toward the 
three-fold node, lengthening the third dislocation C and increasing the 
energy and shortening A and B as well as decreasing their energies per 
unit length. The increase in energy involved is: 

Eh — 2(2—)) = Eh(1— 2 (sec 60? — tan 60?)1 = 0-464 Zh, 
where Æ is the original line energy per unit length. The resultant decrease 
in energy is: 
2y AE = 2AEh tan 60° = 3-46AER, 
where AZ is the decrease in energy per unit length due to the process. 


For the right-angle join to be energetically favoured over the 120° node, 
therefore, 


0:464 
INT = =p 
Sv E -—0-13Z. 
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Fig. 5 


| (a) ( b) 


j (a) and (b) represent successive stages in the formation of a 90° T join by 
pulling two of the arms of a 120° node into a common low-energy trough. 
b. This leads to an expression for the fraction by which the energy must be 
lowered per unit length if the T join is to be energetically favoured. 
(c) represents the pulling of the cross bar dislocations out of the trough 
by the line tension of the stem dislocation. Stability of the T join 
against such an event yields an independent value for the fraction by 
which the energy of the dislocations in the trough must be less than 
their energy when out of the trough. 


The length changes which are involved in the fo i d 
o7 L h f rmation of an Ib i 
sf : elbow 1n a curve 
dislocation. 


An alternative approach is to consider the chan 
on pulling the * cross bar ' dislocations out of their lo 
by the solid line in fig. 5 (c) to the high energy bro 
is given by: 


ge in the total energy 


W energy trough shown 
ken line position. This 


2d sec 0(E — AE) — (d tan 0 4- 2d)E. 
It will be positive and, therefore, the T join will be stable only if 


3H? C 8EAE +4(AB)2— AE? 0 
and therefore if 


NER 
UE > Ex: —1=0-12. 
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Table 3. Dislocation elbows 


Line directions Number seen. Angle AEJE > 
[110]-[211] 2 54° 0:44. 
[011]-{[12T] 4 cee 0-31 
[211]-1113] 3 80? 0-97 
[01 T]-[011] 4 
[011]-[211 ] ° 90° 0-22 


[121]-[211] 1 100? 0-17 
[(121]-[110] 5 107? 0-14 
[0T1]-[119] 8 
[211]-[121] 3 120? 0-09 
[110]-[112] 1 125? 0-08 
[112]-[101] cem 150? 0-03 
90? T join 0-13 


Figure 6 shows how elbows may be formed in a curved dislocation by the 
propagation of energy lowering processes along two segments. ‘The radius 
R of the loop is related to the length / of each tangent by: 

R=1 tan 6/2. 

The length of the arc is: 

2 R(r[2 — 0/2) = (1 tan 0/2)(z — 0). 
For the elbow to be energetically favoured, we must have: 

2E — NE) < (1 tan 0[2)(zz — 0)E 
or 

AE > E(1— (7|2 —0[2))[tan (7/2 — 0[2). 

The sorts of elbows seen, the number of each that was encountered and the 


minimum values of AH/H# necessary for each sort as well as for 90? T joins 
are listed in table 3. 


2.4. Dipoles and Seagulls 
Large numbers of what appear to be dipoles were seen, especially in 
the creep specimens. There were two types: those which consisted of 
parallel pairs of dislocations lying in (112) directions and those consisting 
of pairs of dislocations lying along (110) directions. The alignment of 
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dipoles along (110) or (112) directions was poor and dipoles were often 
curved. In no case did it prove possible to determine the Burgers vector 
of a dipole by tilting the specimens. "The two types of dipole were found 
to be equally numerous in the present work, although only edge dislocation 
dipoles have been reported in work-hardened germanium (Alexander and 
Mader 1962). An unusually well-aligned closed loop is shown in fig. 7. 
Williams et al. (1960) have postulated a mechanism to explain the forma- 
tion of seagulls and dipoles which involves the formation in a screw disloca- 
tion of a jog leading first to a cusp, then a seagull, then a ‘trail’, and 
finally, if the screw dislocation cross slips back to eliminate the jog, a closed 
dipole loop. All these phenomena have been seen in the present studies. 
The jog heights corresponding to the dipoles observed ranged up to 
about 10-5 cm, for the loop in fig. 7, which was the largest value encountered. 
Fig. 7 


o 


Well aligned dislocation loo 


e p in a creep sample. 
500°c under a load of 3-4 Kee 
27000 x . 


Total creep strain 0:3% at 
n-type, ?28 ohm em material. 


2.5. Small-angle Grain Boundaries 
" In undeformed specimens cut from the 
oundaries were found which separated grains showi imilar 2 

and similar diffraction patterns. "This ie in put 
up to a few degrees. Eleven of these boundaries were found to lie in 110) 
planes, eleven in {111} planes, thirteen in {112} planes, six were a E 
us Dy d were curved. In cases involving small angular iu ee 
CR a ces of the boundary in both grains and in the median lattice 
950) are the same to within experimental error. All these 


polycrystalline ingot, 45 grain 
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boundaries except four were sharply planar, or, in the case of the stepped 
boundaries, planar within each segment as shown in fig. $. Only four 
boundaries were encountered which were curved. Even in these cases 
the walls were of very small thickness, as can be seen in the case of the right- 
hand portion of the boundary of fig. 8. 


Fig. 8 


Small-angle boundary in a specimen cut from the polycrystalline ingot. The 
boundary is stepped at the left and becomes curved or non-aligned 
at the right. 27000x. 


The sharpness and planarity of the small-angle boundaries in germanium 
as seen in transmission electron microscopy is in agreement with optical 
observations of etched ingots of diamond- and sphalerite-structure 
materials which have shown the grain boundaries to be generally macro- 
scopically straight for example in Si (Franks et al. 1955), Ge (Patel and 
Alexander 1956), GaAs (Schell 1957) and GaP (Holt, Alfrey and Wiggins 
1957, unpublished result). Analysis has shown many of these optically 
observable boundaries to be first or higher order twins in germanium (Ellis 
and Fageant 1954) and in indium antimonide (Haasen 1957). Twin 
boundaries constitute rather a special case, however, and are generally 
found to be straight in f.c.c. metals also. 


2.6. Stippling and Loops 
All of the samples yielded specimens having a stippled appearance as 
shown especially in figs. 7and 9. This might be an etching effect, but it 
appears in many other germanium specimens (Irving 1961, Geach et al. 
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1957, Alexander and Mader 1962, Riesz and Bjorling 1961), which varied 

widely in purity, treatment and polishing reagent employed. 
Counts of the number of dots per unit area in regions where the specimen 
thickness was rapidly varying indicated that the number of dots per unit 
! area was roughly independent of specimen thickness. Thus the stippling 
/ is probably mainly on the surface. Similar stippling has been observed 
| in transmission electron microscope studies of lead sulphide and lead 
| selenide (J. W. Matthews, private communication), silicon, in which it 
seems to be an etching effect (A. Rosenberg, private communication), 
se cadmium selenide (Chadderton et al. 1962) and cadmium sulphide (Holt, 

to be published), all of which are at least partially covalently bonded. 


Fig. 9 


A quenched specimen. 


r ES At the position mar 
images. At Bis an example of a com i i 
M p plex circular Image and at Cis a 


ked A are two acorn-shaped 


In one specimen cut from the twisted sample di : 

; e dis] i 
diameter were observed. The loops were ae SP oopa 6002 » 
Burgers vector directed along [101]. This Burgers eee Mor 
condensation loops has been seen in aluminiu s vacancy 


m and i 
vacancy condensation loops with this Burgers ut nr RU ARES 
plane to another by prismatic slip (Kuhlmann-Wilsdorf ana aoe es 
| 1960). ‘The loops observed in the present case were not joo Wilsdorf 
| with any simple crystallographic planes. © be aligned 
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Certain specimens cut from fragments of quenched samples were found 
to contain large numbers of three sorts of image: acorn-shaped images as 
at A in fig. 9, circular images with a complicated internal structure as at 
B in fig. 9, and lines, as for example that marked C in fig. 9. The lengths 
of the lines, the diameters of the circles and maximum dimensions of the 
acorns all ranged from about 2504 to 25004. The lines in these regions 
lie along [211] and [211], the traces of the (111) and (111) planes normal to 
the foil. Tilting was found to transform the acorns and circles from one 
to the other. 

2.7. Negative Results 

No dislocation pile-ups were seen. No dislocation loops thrown out 
by a source were found. Dislocation reactions which could be Lomer- 
Cottrell sessiles were not very frequently encountered. In all these 
respects germanium resembles the face-centred cubic metals. 


Table 4. Elastic isotropy of f.c.c. metals and of diamond- and sphalerite- 
structure materials 


Material (Cii — C51) /2Cq4 
Al 0-82 
Ag 0:33 
Au 0:35 
Cu 0:30 
Diamond 0:83 
Ge 0:76 
Si 0-57 
GaAs 0-55 
GaSb 0-56 
InSb 0-50 
ZnS 0-43 


The criterion of elastic isotropy is that c, — c4; —2c,, so that 1-00 in the above 
table would correspond to perfect isotropy and deviations from 1-00 indicate 
anisotropy. Cı Co; and c,, were taken from Huntington (1958) 


$3. Drscussrox 
3.1. Rectilinearity and Alignment 
Dash (1957) found that for certain strain rates, the significance of which 
will be further discussed below, dislocations we 
silicon deformed at 900?c, but that they were not straight in samples 
deformed at 1100?c. In the 900*c samples the dislocations were found 
to be aligned along (110) directions and were believed to be screw and 60° 
in character. All the other direct observations of dislocations in covalent 


crystals which have been reported have also indicated (110) and (112) 
as the preferred line directions: Patel (1958) (112) in silicon, Geach et al. 


re straight in samples of 
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(1957) (112) in germanium, Venables and Broudy (1958) (110) in InSb, 
Jenkinson and Lang (1962) (110) and (112) in silicon, Bonse (1962) (110) 
in germanium, Evans and Phaal (1962) (112) alignment of dipoles and 
(1105 alignment of dislocations in diamond. 

The alignment of dislocations only along (110) and (112) directions 
cannot be ascribed to elastic anisotropy. Table 4shows that the diamond- 
and sphalerite-structure materials are no less isotropic than the f.c.c. 
metals in which the phenomenon does not appear. Moreover, calculations 
of the line energy of dislocations from anisotropic elasticity theory indicate 
considerable variations in energy from one dislocation type to another but 
no general lowering of the energy in (110) and (112) directions (Foreman 
1955, Holt 1962). 

The core energies of dislocations will vary with direction, but it is not 
obvious that (110) and (112) will be especially low core-energy directions. 
For example, Hornstra (1958) showed that by invoking dissociation in some 
cases and bond rearrangement in others a dislocation with a given (110) 
Burgers vector could lie in any of the (110), (112) or (100) line directions 
and still contain no broken bonds in its core. 

The situation regarding the alignment of grain boundaries is similar to 
that for dislocation alignment. Grain boundaries with the observed 
preferred orientations are by no means the only ones from which it is 
possible to eliminate all broken bonds (Hornstra 1959, 1960) and it is not 
S ees eee SOY fe explain boundary alignment. 
throwing out of kink loo a ina ; d o d P E By 
The idea of kink loops is + j ou J owt and Attard (1963). 

815 perhaps supported by the observation of occasional 


? 


avoidance of fracture, whatever the temperature of defo 


In specimens deformed at lower strain rates 
observed to be less well aligned and frequent] 
the presence of large numbers of kinksp d 
the total length of the kinks becomes 


the aligned portions it ceases to be mean; 
2 aningful dal S 
however. The movement of curved and m D INC 
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The stress-dependent (kink) explanation of alignment is not applicable 
to relatively immobile entities like grain boundaries, T joins, elbows, 
nor even, perhaps, to those dislocations of table 1 which do not have {111} 
slip planes. It has been shown above that it is possible to explain elbows 
and T joins by assuming the existence of energy lowering processes able 
to pull dislocations into alignment with a particular crystallographic 
direction. The same type of explanation would serve also for the alignment 
of grain boundaries and type III, VI and VII dislocations. Two processes 
may have the required characteristics: dissociation and bond rearrange- 
ment (Hornstra 1958), and dissociation is known to occur in silicon (Aerts 
et al. 1962). However, it has not proved possible to evaluate all the terms 
entering into the expressions for the amounts by which the two processes 
lower the energy per unit length (Holt 1962). Therefore no comparison 
with the AZ/E requirements of table 3 is possible as yet. 
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ABSTRACT 


The increment in residual resistivity due to the introduction of a high 
and uniform concentration of prismatic dislocation loops in quenched 
aluminium has been measured. This measurement is correlated with 
a direct determination of loop density by transmission electron microscopy. 
The observations indicate that the average dislocation resistivity in aluminium 
is pd=[7+2]x 10-19 B ohm cm? for a dislocation density of @em-*. An 
approximate value of the vacancy resistivity, calculated from the obser- 
vations, is pY=[1:4+ 0-3] x 10-* ohm em/atomic % vacancies. 


$1. INTRODUCTION 


THERE exists at the present time a discrepancy of one or two orders of 
magnitude between the theoretical and experimental values for the 
change in electrical resistivity due to the introduction of dislocations 
in plastically deformed metals (e.g. Clarebrough et al. 1961, 1962). 
Broom (1952) has suggested that the experimental values might be too 
high if the stacking faults separating partial dislocations contribute 
significantly to the residual resistivity. Cotterill (1961 a) has measured 
the stacking-fault resistivity in gold and finds, in agreement with the 
theoretical estimates of Seeger (1956) and Howie (1960), that the faults 
do contribute significantly to the residual resistivity. 

Because the separation of partial dislocations is dependent upon y, 
the stacking-fault energy, the discrepancy cited above should increase 
as y decreases. Clarebrough et al. (1961) have measured the apparent 
dislocation resistivity in aluminium, copper and nickel, and find that 
it does appear fo increase as y decreases. However, the magnitude of 
the increase did not suggest that the Stacking fault contributes the major 
part of the resistance of a dissociated dislocation. Clarebrough ef al. 
(1962) extended their experiments to cover silver and gold, and compared 
the results with those obtained earlier with copper. The apparent 
dislocation resistivity increased in the order copper, silver, gold. This 
appears to be just the order in which y decreases in these metals (Smallman 
and Westmacott 1959, Berner 1960). The actual magnitudes of the 
apparent dislocation resistivity in copper and gold differed by only 25%, 
however, whereas Berner (1960) found that y for these metals is 163 and 
l0ergscm-? respectively. Because of this, Clarebrough ef al. again 
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inferred that the stacking faults make a negligible contribution to the 
resistivity. If these workers had taken the value of 40ergscem™ for 
copper reported by Howie and Swann (1961), their inference could have 
been quite the opposite. 

The method devised by the author (Cotterill 1961a) to determine 
stacking-fault resistivity in gold has now been used to measure the resistivity 
increment due to prismatie dislocation loops in aluminium. The fact 
that the dislocations are of the whole prismatic type, and not Frank 
sessiles, was established by the electron microscope examinations of the 
same specimens. A disadvantage of the method employed by Clare- 
brough ef al. was that the measurement of dislocation densities was 
indirect and certain assumptions were involved. The dislocation density 
was calculated from measurements of stored energy, using the relation 
given by Cottrell (1953) for dislocation energy, and measurements of 
density change, using the estimate of Stehle and Seeger (1956) for the 
dilation per unit dislocation density. The densities obtained by these 
two methods agreed only within a factor of two. In the present experi- 
ments the direct observations of the dislocations afforded an absolute 
measurement of dislocation density. 


$2. EXPERIMENTAL TECHNIQUES 


The principle of the type of experiment described here has been discussed 
in a previous paper (Cotterill 19612). The material used in the experi- 
ments was nominally 99-995% pure aluminium (principal impurities 
0:001% Mg, 0:0005% Cu, 0:0003% Fe and 0:0001% each of Ag, Cd, Mn 
and Si). Previously annealed specimens, 7-5 x 10cm aval: 0-5 em 
wide, and with a gauge length which was the central 5 em of a 15 eun length 
were heated with an alternating current to quenching tem S in 
the range 600°c-650°c and quenched into water. 'The e th a 
annealed for 10min in water at 70?c to ensure completion ot anneali E 
The increment in the residual resistivity Ap due to this De ae i 
annealing process was measured at —196°c. The s ae AE 
thinned electrolytically, and small pieces of it wer eu eee 
microscope. These were found to contain 
of prismatic dislocation loops 
also to contain slip traces (figure). 
relevant orientations of the mier 
diffraction patterns taken i» situ. 
(Cotterill 19612), this technique 


and the mean dislocation density C 
of the dislocation resistivity, pa, were calculated from the r 
The specimens were polycrystalline so the resultant va] ae 
average over all directions of current flow. Five re isi : 
were used, and five electron microscope Specimens > 


atios Ap/Cq. 
Of pa was an 
ity specimens 
aken from each 
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An area of an aluminium specimen quenched from 650°c. Note the slip 
traces, from which the foil thickness is determined. Magnification x 61 000. 


of these. In each case the microscope specimens were taken from five 
points spaced along the whole resistance gauge length. 


$3. EXPERIMENTAL RESULTS 


The results of five separate experiments are given in table 1. The 
symbols are explained in the previous section. The individual values of 
d are reliable to + 504 and there is a + 259/ latitude on the values of Gy. 


Table 1 


3 G A C 
Specimen | Tq (°c) ( x 10-? aS em) d (å) (x 10 Gm 5) (x ie -2) | (x 10-19 ronan cm?) 
1 600 4-5 440 4s | 5-9 8-0 
2 600 4:7 405 4-8 6-0 8:0 
3 3 625 5:2 260 8-7 7-1 T-A 
B 4 650 6-4 225 15-1 10-8 5:7 
A 5 650 5:9 320 8-9 8:9 6-8 
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If the individual values of specimens 1 and 2, and 4 and 5 are averaged, 
the results show a trend towards fewer larger loops as the quenching 
temperature is lowered. This effect is similar to that observed previously 
in quenched gold (Cotterill 1961a). The values of Cy, include corrections 
for the fact that in some foil orientations many of the loops exhibit zero 
contrast and are not observed in the electron microscope. This correction, 
and others, are discussed in §4.1. The final mean value of pa was : 


pa [7 + 2] x 10-98 ohm cm? for a dislocation density of B cm~. 


As was noted previously, this value is an average over all directions 
of current flow. Because the dislocations were in the form of closed loops, 
pa is also averaged over a range of screw and edge components. 


$4. Discussion 


4.1. Corrections to Experimental Values 


Some of the possible corrections to the value of pa given above are 
similar to those discussed in the previous paper on gold (Cotterill 1961 a). 
As with the gold, the corrections due to denuded zones near free surfaces, 
dislocations and grain boundaries were negligible. 

Federighi (1959) has suggested that some of the resistivity present 
during the measurement of Ap (Ap," in Federighi’s notation) might be 
due to vacancies not in the loops, which are not observed with the electron 
microscope. These could exist in small uncollapsed clusters, for instance. 
Panseri and Federighi (1958) have published isochronal annealing curves 
for aluminium quenched from various temperatures up to 600°c. These 
workers plot Ap|Ap, against temperature, where Ap, is the resistivity 
quenched in and. Ap is the resistivity remaining. The curve for T4=600°c 
for ischronal anneals of 15min at each temperature, shows that Ap] ^os 
decreases continuously between room temperature and 20096 where it 
becomes zero. There is a point of inflexion at about 100°c. The decrease 
below 100?c is due to the clustering of vacancies. Sileox and Whelan 
(1960) have discussed the portion of the curve between 100°c and 200°c 
and note that the initial decrease around 100°c could be due oh $4 : 
the annealing of small unobservable clusters or to the growth of lar lo : 
at the expense of smaller ones. They find that the GUN pee 
do not permit a positive identification of the process which is * n 
in practice. Even if the existence of unobserved clusters was : dba 
use of a resultant correction factor derived from the data of Pa cee 
Federighi might not be justified because their quenchin m and 
quite different from that used in the present E IUE i Te 
evidence that the distribution of cluster sizes is antes nts. There is 
method of quenching (Cotterill 1962, Cotterill and Segall mes pe 

of these uncertainties, no corrections have been made f : 
vacancy clusters. or unob 

For each area of specimen examined in the electron mi 

inati f i pe n microscope the 
determination of Cy, involved two corrections. The first of these is 


Because 
servable 
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due to a contrast effect discussed by Hirsch ef al. (1960). These workers 
find that for reflecting conditions characterized by g (where g is the 
reciprocal lattice vector corresponding to the strongest reflection), all 
loops (with Burgers vector b) satisfying the condition g.b=0 will be 
invisible. The fraction of loops which satisfies this condition depends 
on g. For a strong [111] reflection, it is as high as 0-5, whereas for a 
strong [220] reflection, it is only 1/6. An additional correction to Cy, 
has been made to allow for loss of loops at the surfaces of the microscope 
specimens. Most of the loops lying within a distance d (see table 1) of 
the latter will intersect the surface and become truncated. If the 
resultant dislocation configuration were stable, one would expect to see 
a fraction 2d/t of all the loops truncated (where t is the specimen thickness). 
For d=3004 and t=20004, which are typical values for the present 
experiment, the fraction would be greater than 25%. As can be seen 
from the figure, such a fraction of truncated loops is not observed. It 
thus appears that loops which intersect the surface become unstable and 
pass out of the specimen. This means that an effective foil thickness 
equal to t—2d must be used in the calculation of C,. This correction 
was used in the present experiment. It is worth noting here that the 
situation may be even worse than is indicated above. Loops which 
are close to the surface but not close enough actually to cause intersection 
may be drawn towards the surface by theimageforce. This may eventually 
lead to intersection and subsequent loss. Because the orientations of the 
photographed areas were determined from the corresponding diffraction 


patterns, it was possible to apply the two corrections to C, individually 
to each area. 


4.2. Comparison of Results with Previous Experimental and Theoretical 
Values 


The only previous experimental value of pq in aluminium is that of 
Clarebrough et al. (1961) obtained by the indirect method discussed in 
$1 of this paper. These workers report a value 3:3 x 10-1? 8 ohm em? for 
a dislocation density of 8cm-?. The agreement between this result and 
the one presented in the present paper (7 +2 x 10-19 8 ohm em?) may be 
taken as a measure of the validity of the assumptions made by Clarebrough 
et al. in calculating their dislocation densities. It is also encouraging that 
there should be such good agreement between experiments in which the 
dislocation configurations differ so markedly. 

Sileox and Whelan (1960) estimated pq by comparing their electron 
microscope observations on quenched aluminium with the resistivity 
data obtained for bulk specimens quenched by Panseri and Federighi 
(1958). The estimate, pa~3 x 10-198 ohm cm3, was in reasonable agree- 
ment with the value reported here. The estimate given by Sileox and 
Whelan was only approximate because these workers could not be sure 


that the distribution of loops in their specimens was the same as that 
in the Panseri and Federighi specimens. 
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The chronological trend has been for theoretical estimates Ee 
increase. Hunter and Nabarro (1953) (who discussed ohjedions i We 
displacement potential method used previously by Koehler ( : ); 
Mackenzie and Sondheimer (1949), and Dexter (1952 a, b)) ae 
employed the deformation potential and have calculated a meen Meee 
pa—3:8x 10-2 8ohm em? for copper. They found that the resis ivit 
of an edge dislocation is about three times as large as that of à screw. 
Seeger and Stehle (1956) have given a similar treatment and obtain a 
mean value pa= 6:5 x 10-218 ohmem%, but they find that the resistivity 

x of a screw dislocation is slightly higher than that of an edge. 
i Klemens (1956) has also used this method and finds an average value 
pa = 1-1 x 10-?? 8 ohm em? for copper. | 

Harrison (1958) has pointed out that all of the above calculations 
ignore the scattering due to the dislocation core. He finds that the 
effect of the core can be many times that of the strain field. Putting 
the volume change of the crystal due to the dislocations equal to the core 
volume (about one atomie volume per atom plane) he obtained 
Pcorez9 x 10-?? 8 ohm em?, which is about ten times the estimate of 
Hunter and Nabarro. 

> Howie (1960), in the conclusion of a paper devoted mainly to stacking- 
2 fault resistivity, has briefly discussed dislocation resistivity. He treats 
this problem also as a diffraction phenomenon, arguing that even though 
the strain field of a dislocation does not contain the discontinuity associ- 
ated with a stacking fault considerable diffraction may still occur. Howie 
finds, for undissociated dislocations in copper : 
pa = 5 x 10? B ohm cm3, 
and he also finds that pq for aluminium should b 


for copper. If one then adds Harrison's estimate 
(see above) one obtains : 


pa 1 x 10? Bohm cm3. 
This value is still lower than the ex 
by a factor of seven. 


e roughly equal to pa 
of the core resistivity 


perimental value presented here 


4.3. The Resistivity of V 


pany ff = 


acancies in Aluminium 
It is worth noting that an approximate value o 
vacancies, py, can be obtained from the results of the present experiment 
An actual determination of this quantity, similar to that P anm d 
previously for gold (Cotterill 1961 a), was not, possible because the cn a 

in resistivity, Apq, could not be measured before appreciable annealing 


had occurred at room temperature Howeve: 
: à r, the valu 
estimated from Ap, the resistivity incre ; e of Ap, m be 
mpletion 


f the resistivity of lattice 


ment remaining after 
; : 5 
of the annealing process, if one uses th 8 r co 


various quenching temperatures given 
Moreover, Cy, the concentration of vacano; 
can be calculated from Cj, 


e values of the 
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the annealing. Pairs of values of Cy and Apg can be used to calculate py, 
as is indicated in table 2. In the experiments of Panseri and Federighi 
cited above, the highest value of Tq employed was 600°c. Because of 
this the values of Ap/Apq for Tq—625?c and Tq— 650*c in table 2 have 
been determined by extrapolation. 


Table 2 

Specim CY Ap/A Spa (x10-$ gin em/at. % 
Decus scl 054) P/aPa | (x 10-3 ohm em) vacancies) 9 

1 1-7 0-20 2-2 1-3 

2 1-6 0-20 2-3 1-4 

3 1-2 0-23 2-3 1-9 

4 1-6 0-27 2-3 1-4 

5 1-9 0-27 2-2 lijk 


The mean experimental value of py is : 
py=[1-440-3] x 10-5 ohm em/atomic % vacancies. 

The error latitude quoted in this result does not include any allowance 
for the errors involved in using the results of Panseri and Federighi in 
the caleulations. As was discussed in $4.1, the quenching method used 
by these workers may have produced quite different annealing kinetics, 
and use of their figures could therefore lead to inaccuracies. This may 
be compared with the experimental value of Simmons and Balluffi (1960), 
who give p, —3:0 x 10-5 ohm cm/atomic % vacancies. 


§ 5. CONCLUSION 


The electrical resistivity of dislocations in aluminium can be obtained 
by correlation of resistance measurements and electron microscope 
observations made on the same specimen. Experiments of this type 
yield a value pa= [7 + 2]x10-1980hm em? for a dislocation density of 
Bocm-?, this result being an average over all directions of electron flow, 
and over a range of edge-screw orientations. This value is strictly 
applicable only to dislocations in the form of closed loops, with diameters 
in the region 3004. Similar determinations should be possible for all 
metals in which it is possible to produce high and uniform concentrations 
of prismatic dislocation loops. 

Cotterill and Segall (1962, 1963, for brief report see also Cotterill 
(1961b)) have recently established the existence of faulted dislocation 
loops in zone-refined aluminium. A repetition of the experiments 
described here, using the zone-refined material, might permit a determina- 
tion of the stacking-fault resistivity in aluminium. 

The electrical resistivity of lattice vacancies can be found from the 
experiments, but the result is subject to errors due to uncertainty in 
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knowledge of the mechanism of annealing. The experimental value is 
pv=[1-4+ 0-3] x 10-5 ohm em/atomie % vacancies. 
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ABSTRACT 


The results to date are reported of an investigation into the initiation and 
propagation of fatigue cracks at high and low stresses in aluminium, nickel 
and copper. It is shown that crack propagation involving the formation 
of ripples on the fracture surface occupies, at high stresses, a large portion 
of the fatigue life and the whole of the fracture surface area, whereas at 
lower stresses a considerable part of the fracture surface may be covered 
with ripples if the specimen has been previously annealed, but only a few 
per cent of the total number of cycles are consumed in this type of fracture. 
Observations and measurements on the slow initial stages of crack growth 
at high and low stresses have been made, and it is shown that the variables 
of metallurgical condition of the specimen, environment and frequency of 
cycling affect this stage more significantly than propagation involving 
ripples. In discussion it is suggested that the environment assists the 
fatigue process by a corrosive action rather than by preventing welding of 
the crack tip during the compression part of the cycle. 


$1. INTRODUCTION 


In recent years it has been suggested (Wood 1959) that the mechanisms 
of high and low stress fatigue are different in relation to the way in which 
cracks initiate and propagate. Wood and Bendler (1962) carried out 
taper section investigations of fatigued copper specimens which showed 
thatlarge alternating stresses promoted surface corrugations not necessarily 
related to the grain structure and that the damaging micro-cracks 
developed independently of the corrugations. In contrast, with low 
stress fatigue, irregularities and cracks developed in slip bands. Kemsley 
(1956), also working with copper, studied the range of fatigue lives from 
36000 to 3x 10? cycles. He found that at the short life end of his range, 
cracks were invariably nucleated at, and grew from, grain boundaries ; 
also that at about 105 cycles equal numbers of cracks seemed to nucleate 
across grains as in grain boundaries, and that at still longer lives; cracks 
were nueleated only across grains. In this way a gradual transition was 
observed between the high and low stress fatigue crack nucleation. 

The investigation of Porter and Levy (1960) on copper extended 
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grain boundaries and then propagated in a way that was not influenced 
by the grain structure. They argued in favour of Wood S mechanistic 
distinction between high and low stress fatigue and, in support of this 
argument, established an accurate S-N curve for copper, and found 
a particularly large scatter at one stress value, 21 500 p.s.1., which gave 
a life to failure of about 2x10? cycles. They concluded that this was 
a real effect due to a dissociation of the high and low stress fatigue S-N 
curves, ie. specimens breaking by the high stress mechanism appeared 
to have longer lives at 21500 p.si. They explained this phenomenon 
in terms of different crack propagation rates, for high and low stress 
fatigue. They considered that at low stresses the crack propagated by 
using existing slip band damage, but that this was not so at high stresses. 
On the other hand, investigation by Laird and Smith (1962) showed that 
high and low stress fatigue crack propagation could have common features 
in that ripples could be seen on fracture faces of specimens of nickel, 
aluminium and copper broken in the range of lives 102-108 cycles. 

In view of this and the previous scant attention paid to high stress 
fatigue nucleation phenomena and of the controversial nature of the 
conclusions concerning high and low stress mechanisms, it was decided 
to carry out a general investigation into the initiation and propagation 


of fatigue cracks at high and low stresses and the results to date are 
reported in the present paper. 


$2. EXPERIMENTAL 
_ High stress fatigue push-pull tests were made using a standard 6 ton 
Losenhausen hydraulic fatigue machine, adapted for running at fre- 
f quencies from 72-3000 c.p.m. (Laird and Smith 1962). 'The TIREE 
used were aluminium 99-9995 purity, U.T.S. — 7600 psi. 95 R.A -97; 
annealed nickel 99-6% purity, U.T.S.— 60.050 psi. 95 RA 5 86; z ko 
hardened nickel 99:6% purity, U.T.S. — 88 000 p.s.i. o, R A = us aed 


copper 99-99% purity, U.T.S.— 30 600 p.si. 95 R.A 5 

; , De Sel. Ue EL 94-5. 1 
were shaped as waisted cylinders of 0-25 in. rin diamet Do 
buckling in compression strokes. GAS 


$3. RESULTS 


nucleated. When lives to failure were greater than 1000 eyel 
cles, small 
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The variation with increasing fatigue life of the proportion of the life spent 
in ripple propagation, expressed as a percentage. 


Fig. 2 
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The relative areas of the fracture surfaces of pure aluminium specimens occupied 
by stage I and stage IT fractures, as a function of life. Because of the 
purity of the aluminium there were no areas of final ductile fracture. 
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amounts of stage I fracture were present. The transition line from 
stage I to II was generally irregular and patches of ripples were found 
on stage I fracture surfaces, so that the number of ripples could not be 
determined very accurately in these specimens. However, good order 
of magnitude values were obtained. 

The results plotted as the ratio of number of ripples (Ng) to number of 
cycles to failure (Np) versus the number of cycles to failure (fig. 1) show 
that at very short lives 50% or more of the life is absorbed by stage II 
crack propagation ; this falls to about 30% for lives of 1000 cycles, and 
3% for lives of 105 cycles. Figure 2 shows the way that the area of 
fracture surface occupied by the stage II mechanism changes with life 
to fracture for high purity aluminium. Up to 10? cycles the fatigue 
failure is entirely by stage II crack propagation but beyond this the 
stage I propagation which is not accompanied by ripple formation 
becomes increasingly important. 

With this high purity aluminium, ripple formation took place up to 
the point of complete separation of the Specimens, and there was no 
zone of final tensile rupture. 


3.2. Surface Damage 
From figs. 1 and 2 it is seen that at 104 cycles, although the fracture 


cycles 
Intense fine slip of the kind found with unidirectio 


eee nal deformation 
with copper and nickel, shallow gn E 2 Subsequently, 


o rumpling when 
regularities then 


Annealed aluminium, copper and nick : 
up to 5% of the life, which then i Ee PUR showed fine slip 


ntensified in the slip bands most 
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Fig. 3 


LTS 


Surface damage on work-hardened nickel (40% strain by swageing) after 40 
cycles (plastic strain range=0-053, N =127 cycles), showing the major 
fatigue crack which has been nucleated at the grain boundaries. The 
stress axis lies at 45° to the longer side of the photograph. x415. 


1 Surface damage on annealed nickel, after 1100 cycles (15% Nr), showing 
intensified slip striations (plastic strain range — 0-007, Ny=7100 cycles). 
_ The stress axis lies at 45° to the longer side of the photograph. x 415. 
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Fig. 5 


Extrusion formation in as-received nickel after 2250 cycles ( 
range—0-008, Vy=4900 cycles). x 1120. 


Fig. 6 


plastic strain 


Surface damage in large grain sized nickel after 3520 ¢ 
100 000 p.s.i., Ny —6910 cycles). The slip was 
cycles, and thereafter the grain boundaries, 
illumination, blackened slowly as crevi 
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favourably orientated for shear (fig. 4); so that the surface damage in 
both annealed and pre-worked specimens became very similar to that 
observed in low stress fatigue. However, the slip striations were not 
* persistent ’, and electro-polishing only revealed differences in the levels 
of the grains. There was an unusual abundance of extrusion formation 
in the pre-worked materials (fig. 5). 


Fig. 7 


t 
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Section through the surface damage in a pure aluminium specimen of grain 
size 0-lin. It was sectioned after 600 cycles (stress range 20 000 p-s.i., Vae 
Np, estimated, — 1200) and a crack on the opposite side of the specimen 
had begun to propagate by ripples.  x415. 


Grain boundary depressions formed at about 25% of the life (fig. 6). 
These deepened slowly at first and then very much more rapidly towards 
the end of the life, when the ripple mechanism of crack propagation T * 
began to operate, to give the sectional form shown in fig. 7. 


Fig. 8 


Grain boundary crack in annealed nickel afi 7 ess T. = 

j i " fter 9760 cycles (stress range 
100 000 p.s.i., Ny —15 500 cycles). The crack was widened by a light 
electro-polish at 7000 cycles. 415. 
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3.2.3. Surface damage in specimens. broken in the. range of fatigue lives 
101—105 cycles 

Surface damage with all three metals was typical of low strain fatigue, 
and ‘ persistent" slip bands were found in annealed nickel specimens. 

In general eracks formed within, and propagated across, grains. 
However, at the shorter life end of this range, the dominant crack always 
appeared to grow from a grain boundary, as illustrated in fig. 8. 

The pre-worked metals showed only a few cracks and these were 
invariably associated with extrusions. The comparatively long dormancy 
period found in annealed specimens when the surface damage reached 
an equilibrium condition was absent in the cold-worked specimens, 
since extrusion formation occurred during the whole of the test. 


3.2.4. Discussion 

The interesting result emerging from these studies of specimen surface 
damage over the whole range of high stress fatigue is the similarity with 
low stress fatigue cracking behaviour, in that a crevice develops early 
in the fatigue life, deepens slowly at first and then finally becomes a 
crack which propagates catastrophically. 

However, with increasing stress level the slip band intensification, 
which is characteristic of fatigue at low stresses, is replaced by a slip 
band appearance more characteristic of unidirectional stressing. At the 
short life end of the range, extrusions and slip band strate still 
occur to a limited extent but exert little influence on the fatigue fracture 
process which is mainly initiated at grain boundaries or surface rumplings 
As lives lengthen these effects become more important in causing crackin 
an observation which fits in with Kemsley’s results (1956) p E 
the transition from grain boundary to transcrystalline cracking 2 


3.3. Environment and Crack Propagation 


Evidence has accumulated recently that corrosion plays a considerable 
part in the early growth of fatigue cracks. Wadsworth and Hutchings 


(1958) showed that when copper or aluminium was fatigued in inert gases 

or vacuum, the lives increased with decreasing partial pressure of : 

in the environment. However, the fatigue coU 
o 


unaffected. Metallographic observations Ee e en mere 
was unchanged by the testing atmosphere, so that it was - ck initiation 
the effect of the oxygen might either be chemical due to B e that 
highly strained material at the crack tip during propagation a S: a 
due to a chemisorbed layer making the crack growth ics mechanical, 

In contrast with the findings of Wadsworth and Hute Wu De. 
Broom and Nicholson (1961) concluded from their ex ngs (1958) 
aluminium age-hardened alloys that the ponente on 


absence of a deleteri i 
H sae * Sto 
ment slowed down crack initiation more conspicuously than md Coe 
rowth ; 
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the latter, however, was also retarded, having regard to the number of 
cycles endured in this stage. 

To assess more clearly the effect of testing environment it is necessary 
to think in terms of the two stages of crack growth which can occur 
(fig. 2) since the influence of the environment may be different for the 
two stages. 


3.3.1. High stress fatigue in vacuo 


A decision to investigate atmosphere effects at high stresses was based 
on the belief that the surface created at a crack tip during the tensile 
stroke of the fatigue cycle (Laird and Smith 1962) which causes stage IT 
crack propagation, might be welded up during the compression stroke 
for specimens tested in vacuo. 

A series of tests was carried out using standard high strain fatigue 
copper specimens in which a hole 0-125 in. in diameter had been drilled 
co-axially from one end to the exact centre of the waisted region of 
the specimen where the plastic deformation was concentrated. A control 


Fatigue crack originating from a central stress raiser in a pure copper specimen 
which was given 100 cycles at a stress range of 65 800 p.si. The 
specimen was frozen in tension and the crack filled with solder.  x415. 


specimen was given 90 cycles at a nominal stress range of 65 000 p.s.i. 
It was then removed from the machine and the hole was packed with 
wire solder (eutectic composition) containing flux. The specimen was 
held vertically in vacuo with the hole uppermost for four hours, to remove 
gas from the hole, heated to 350?c for half an hour to allow the solder 
to run to the bottom of the hole, and cooled in vacuo. It was then 
recycled at 65 000 p.s.i. and failed in 70 cycles. Examination of the 
fracture surface revealed that, in the first 90 cycles, a crack had started 
to grow outwards from the stress concentration at the tip of the central 
hole. This crack had then been filled with solder, but the continued 
strain-cycling had fractured the solder-copper bond and the crack had 
continued to grow outwards in what must have been a nearly * perfect ' 
vacuum. Similar specimens were strain-cycled to start cracks from the 
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inside and were then frozen at the tensile peak in the strain cycle. The 
crack which had started was therefore ' rounded-off ', allowing easy 
exit of the gas when the specimen was held in vacuo, and good e 
with solder. A photograph of a section through a typical blocked Grac z 
is shown in fig. 9. These specimens were given more cycles, frozen ab 
various stages of the strain cycle, and then sectioned for examination io 
determine the geometry at the crack tip. The results did not gier 
significantly from those obtained previously in air (Laird and Smith 1962). 
The crack tip was observed to propagate by the same rounding-off and 
sharpening process, and it was concluded that any welding which may 
take place must be limited to a negligible area of the new surface created 
at the crack tip during the tensile stroke. 

This conclusion was confirmed by another series of tests in which 
fatigue specimens were tested in alternating tension-compression in good 
vacua. A simple vacuum vessel for enclosing a specimen and sealing it 
with * O’ rings was designed and gave good results ; fig. 10. The ripples 
which formed on fracture surfaces of specimens broken in vacua better 
than 5x10-9mm of mercury showed no difference in spacing or 
appearance from those formed in air. 

Cracks were also formed in copper specimens under vacuum conditions, 
as described above, and the specimens then subjected to high compressive 
strains (79-88%). On sectioning no cracks were found, so that assuming 
they had been formed by the initial fatiguing, the compression must 
have welded them up. Other specimens fatigued in an identical manner 
and compressed only to the maximum compressive strain of the fatigue 


Table 1 
Stress | Crosshead Fatigued in air Fatigued in vacuo 
range movement (5x 10-5 mm of Hg) 
(p.s.i.) (inches) 


Condition | Spec. Np 
133 000 0:0125 Annealed | 102 1470 E 7 
133 000 0:0125 Annealed | 103 1590 A 15) T 
100 000 0-0065 Annealed | 108 — 13 550 Amnealed 116 31 
100 000 0-0065 | Annealed | 113 13 270 Annealed | 1 Uh 
100 000 0-0045T | Annealed | 123 Re 070 


Condition Spec. Np 


| ie 11 880 
100000 | 0-0060 received lll 86570 S d 118 285470 
100000 | 0.0060 received 17 87850 | ected | 120 277500 
100000 | 0:0060 receive q | M5 98950 m x q | 121 985120 
75000 | 00045 | gran 112 29180 ae DL oR oy 
WAS size gue A 


f Specimen of smaller diameter. 
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cycle, showed well defined cracks. Similar experiments on aluminium 
specimens fatigued in air showed no welding even with high compressive 
strains. These results indicate that little welding occurs during the 
compression part of a fatigue cycle, when cracks are growing by the 
stage II mechanism and it is suggested that this is due to the irregular 
nature of the surfaces and the fact that they are heavily cold-worked. 

As a consequence of these results, it would appear that fatigue lives 
at very high cyclic stress ranges, where ripple propagation dominates 
the fatigue process, should be unaffected by testing in vacuo. The 
known stimulating effect of corrosion at lower cyclic stress ranges must 


DIFFUSION : 
PUMP 


Apparatus used for cycling specimens in vacuo. 


therefore have its effect on the early stages of propagation. To check 
these points comparative tests were carried out in air and im vacuo, 
using annealed nickel specimens fatigued at two high stress levels, and 
also other specimens in the as-received condition at a stress giving 
a life in air of 100 000 cycles. The results are given in table 1. 

It will be noted that specimens which failed in less than 2000 cycles 
were not significantly affected by testing in vacuo. On the other hand, - 


6P2 
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this inereased lives of the order of 10* cycles by a factor of nearly 21, 
and lives of approximately 105 by slightly more than a factor of 3. A 
large-grained (more than 2 mm average diameter) nickel specimen, cycled 
at a comparatively low stress, showed an improvement in life by a factor 
of nearly eight when fatigued in vacuo. 

'The slip band damage on the annealed specimens cycled in air and 
im vacuo was identical; the only difference noted was that the grain 
boundary cracks in the specimen cycled at a stress range of 100 000 p.s.i. 
grew more slowly i» vacuo. 

As-received (work-hardened) nickel specimens failing at the long life 
end of the high strain fatigue range showed slip band damage which 
was less intense than with annealed specimens. Extrusion and intrusion 
occurred in the first few per cent of the lives of specimens cycled in air 


Fig. 11 


* Ladder-like ° propagation through extruded sli i 
nickel, fatigued in air, after 51 000 pog rm Work hardened 
Ny—98 000 cycles). x 415. eee 00 O00 psi. 


and in vacuo to give cracks of the or ; : 
extruded bands extended over one or x uu e ae in depth, The 
of cracks or holes joined up irregularly, Ppeared to consist 

At later stages of the fatigue lives, marked d 
of ‘in air ` and * im vacuo’ surfaces were obser 
bands grew at both ends (along slip planes) at 
per cycle in air fatigue, frequently linking up wi 
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bands changed very slowly, becoming wider and slightly deeper. Pits 
formed in lines parallel with these bands as shown in fig. 12; pits have 
been observed in air fatigue but not so profusely. These changes took 
place during a period of cycling which, if done in air, would have broken 
the specimen. Eventually the original bands started to grow from their 


Surface damage in as-received nickel fatigued in vacuo at +50 000 p.s.i. for 
139 500 cycles (50% Nr in vacuo, 150% Ny in air); rows of pits have 
formed parallel to the initial extruded band. x 415. 


ends, and the surface appearance was the same as that of air-cycled 
specimens. All changes took place more slowly in vacuo. These tests 
also confirmed that interrupting a vacuum test, to examine a specimen 
microscopically in air, does not significantly alter the total life to fracture. 


3.3.2. Measurements of crack penetration 


Annealed and also work-hardened nickel specimens were all fatigued 
with the same stress range (+50 000 p.S.i.) in air and in vacuo. Having 
found the lives to failure appropriate to the different conditions, other 
similar specimens, fatigued as closely as possible under identical con- 
ditions, were tested to various stages of their lives. The depths of the 
deepest cracks they contained were then measured by electro-polishing 
layers of metal from the surface. In addition, with the fractured annealed 
specimens crack depths of more than ten microns were determined by 
counting and measuring the ripples, and calculating back from the zone 
of final rupture. 
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improv in fatigue 
The results in fig. 13 show clearly that the ee Pea x e T 
properties produced by cycling in vacuo d a enar Ee 
stage I growth. The major cracks B = weg a 
had propagated twenty microns after a eu paw E 
average rate of 20 À per cycle, but the rate e s Eae 
vacuo was less than half this value, although ier Mo 
atoms to saturate a freshly exposed metal surface ue Mecca 
the stressing frequency was 72 c.p.m., it is not es ie dro re 
that any unoxidized metal at a crack tip would have 


Fig. 13 


CRACK GROWTH IN AIR AND IN VACUO : NICKEL 


a 
. 


XCTI LX we ae -Ax 


GRAIN DIAMETEA 


DEPTH, 
9, 
t .—9 
EU Cos esr DOCERE 
l 


ANNEALED , IN AIR. 
ANNEALED, IN vacuo. (IG cms Hg). 
AS RECEIVED, IN AR. 

AS RECEIVED ; IN VACUO. 


————— s 


. 
x 
. 

a 


DASHED CURVE REPRESENTS 
GROWTH BY RIPPLES. 


100000 200,000 300,000 


NUMBER OF STRESS CYCLES 


The growth of fatigue cracks in air and in vi 


acuo, in annealed and in work- 
hardened nickel. 


with a thin film by the end of each fatigue cycle. The as-received 
specimens were too heavily work-hardened to form fatigue fracture 
ripples—the surface was marked with a ‘fibrous’ type of dimple, in 
the manner first reported by Crussard ef al, (1959)—and consequently 


crack propagation in the fina] stages of their lives was not so catastrophi- 
cally rapid as in the annealed specimens. 


Although the overall increase 
in life under the vacuum used was three times that in air, the number of 
cycles required to grow a crack to a depth of one grain diameter in vacuo 
was five times that required in air. 
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3.3.3. The nature of fatigue stimulation by gaseous atmospheres 


Harris (1961) has identified the frequency effect in fatigue with atmos- 
pherie corrosion, particularly in long lives, on the evidence of the 
comparison between the ratio of endurance limits at high and low 
frequencies and the limits in air and in vacuo. If the mechanism of 
fatigue stimulation by gaseous atmospheres is one of chemical attack 
on freshly exposed metal at the crack tip, where perhaps the tip has 
rounded under the tensile stresses acting, or where shear has taken place, 
it does not seem unreasonable to postulate a combined frequency-corrosion 
effect. 

It follows that if this postulate is correct corrosive atmospheres should 
decrease the fatigue life less at high frequencies than at low because 
there is less time for chemical attack. This prediction does not of 
course discriminate finally between a chemical attack and no-welding- 
in-compression hypothesis, of crack growth stimulation by atmospheres, 
because it can be argued that the thickness of fracture surface film 
governs the amount of welding and hence the crack growth rate. It 
was nevertheless decided to carry out experiments to check this. 

Work-hardened nickel specimens were cycled in duplicate, with a stress 
range of +70 000 p.s.i., at two widely separated frequencies, namely, 
72 and 3000 c.p.m., and in three different ‘ atmospheres ', air, a vacuum 
of 10-? em and hydrogen sulphide saturated with water vapour. The 
frequencies were chosen to lie on either side of the threshold value over 
which, as Mann (1954) has shown, the fatigue strength changes markedly ; 
this value does not appear to have been determined for nickel but since 


copper and aluminium alloy show the effect it was presumed that nickel 
would do likewise. 


Table 2 
Frequency Nyin Ny in E 1 DyGrecen d 
(c.p.m.) air vacuo s PR i 

72 19 070 ' 43 860 6760 
72 18 350 41 250 7150 

3000 37 200 72 400 18 600 

3000 42 520 64 800 15 670 

3000 = 81 200 


The results, shown in table 2, are in agreement with the above 


reasoning. It will be noted that the degree of scatter is small, as is 
usual in high stress fatigue of plain specimens 


The fracture surfaces of the specimens were examined microscopically, 
and the ripple count was found to be 2500+500 on all of them. The 
surfaces of specimens cycled at 3000 c.p.m. were badly distorted by 
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‘banging together’ but enough ripples remained in the valleys of the 
fracture surfaces to allow an estimate to be made of their number. 
Ripples began to form at a depth of approximately 0-020 in. ; this 
distance was easy to measure on the specimens cycled in hydrogen 
sulphide because the stage I fracture region was marked by interference 
colours from the films which had formed there. No significant differences 
between the high and low frequency specimens were observed in this 
respect, and it can safely be concluded that the large increase in life 
which resulted from cycling at the higher frequency was associated 
with stage I growth, as was found to be the case in the vacuum 
experiments. 
Table 2 shows that fatiguing in vacuo (i.e. in air at a pressure of 
10-5 cm of mercury) increased the lives of specimens cycled at each 
frequency, but the effect was slightly less marked at the higher frequency. 
The hydrogen sulphide atmosphere produced a more marked differential 
effect. ‘Taking into account the fact that the number of ripples was 
nearly the same under all conditions, it appears that stage I growth 
with hydrogen sulphide present was more than three times as fast as 
in air at a frequency of 72 c.p.m., and two and a half times as fast at 
3000 c.p.m. 


$4. DISCUSSION 


The present results indicate that at lives greater than a few thousand 
cycles, stage I growth accounts for a major proportion of the life to 
fracture, although the area on the fracture surface accounted for by 
this mode of growth may be very small. With lives beyond 100 000 
cycles, especially in aluminium, most of the fatigue life is occupied by 
crack initiation and stage I growth, and the stage I growth occupies 
an increasingly larger area of fracture surface. As an illustration of 
the difference in crack propagation rates, aluminium broken in 100 000 
cycles shows growth rates in stage I and stage II of approximately 20 A 
per cycle and 20000 4 per cycle respectively ; initiation and stage I 


growth occu r : : 
ME OM more than 959/ of the life and roughly 109/ of the fracture 


The present results are ina i 
t : greement with those of i 2 
ck nucleation can take place in a diffe Wn c ER 


with low stresses 
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applied stress ranges the stress criterion for the transition from stage I 
growth to stage II is satisfied after a relatively smaller proportion of 
the total life has been expended, and after the crack has penetrated 
a smaller distance in relation to the size of the specimen. 

The measurements in the present investigation on stage I growth in 
air and in vacuo support in detail the qualitative findings of Wadsworth 
and Hutchings (1958), i.e. that crack growth, but not crack initiation, 
is delayed in the absence of an atmosphere. Whether or not this is in 
contradiction with the conclusion reached by Broom and Nicholson (1961), 
that crack initiation in age-hardened aluminium is delayed most of all, 
depends upon how far the initiation and early crack growth can be 
considered as separate stages. The early stages of growth may take 
place by repetitions of the same changes which lead to the production 
of the first small crack, in which case a change in environment would 
effect equally the initiation and early growth. 

The results of the investigations of Wadsworth and Hutchings, and 
Broom and Nicholson on fatigue in vacuo, although interpreted in 
different ways by these workers, are however very similar in showing, 
as is emphasized by the outcome of the present investigation, that as 
the crack goes deeper into the specimen the atmosphere effect decreases. 
This is regarded by the writers as evidence against the hypothesis of 
fatigue inhibition in inert atmospheres by a process of welding because 
it is exactly the reverse of what would be expected to happen if welding 
were indeed the retarding mechanism. Clearly, as à crack grows longer 
its stress concentration factor would increase, thus promoting welding 
and causing a decrease in crack growth rate. 

It may also be pointed out that if a chemisorbed layer were to make 
the crack separation process irreversible, the fatigue life of gold should 
also increase by testing in vacuo, since contact resistance experiments, 
such as those by Angus (1962), have shown that films of physically adsorbed 
gases form quickly on the precious metals. However, the experiments 
of Wadsworth and Hutchings showed the fatigue life of gold to be 
unaffected in vacuo, as compared with air, and there is no evidence to 
show that chemisorbed films offer better resistance to welding than 
films physically adsorbed strongly enough to affect contact resistance. 
Moreover, for the same reason, testing copper and aluminium in inert 
gases would not result in increased fatigue lives, if the welding hypothesis 
were valid. It is therefore believed that the evidence points to a chemical 


attack mechanism of growth stimulation, as a more plausible explanation 
of the phenomenon. 


$5. CONCLUSIONS 


The outcome of the work described above may be summed up in the 


following general statements relating to the behaviour of pure aluminium, 
copper and nickel. 
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(a) Cracks nucleate early in the lives of specimens cycled at high 
Stresses, and are often found at grain boundaries in annealed metals. 
Slip band intensification, pitting in slip bands, and extrusion-intrusion 
phenomena may occur in high stress fatigue but become increasingly 
important damage phenomena resulting in crack initiation towards the 
long life end (10° cycles) of the high stress fatigue range. 

(b) Evidence (Laird 1962) has accumulated to show that four 
processes are involved in causing failure in high stress fatigue. The 
first is the work-hardening or work-softening, depending on the initial 
specimen condition, that takes place in the specimen. The results of 
the present investigation show that during these early stages crack 
nucleation occurs and is followed by two stages of crack growth. Stage I, 
which is virtually absent from specimens cycled at very high stresses, 
takes place along slip bands, in which case the shear stress range acting 
on the slip planes appears to be the dominant factor in governing the 

crack growth rate. Alternatively, there may be stage I growth along 
grain boundaries at high stresses. Stage I is succeeded by stage II 
cracking which occurs at right angles to the ma 
the applied stress, simultaneously 
detectable on the fracture surface. 


08 pies at least half the fatigue life 
if this is short (400 cycles) but only a very small percentage of the life at 
the long life end (105 cycles) of the Coffin range. Stage I growth therefore 
becomes of increasing i 


ithout deep penetration of the crack. Stage T 
‘ably by fatigue in vacuo and stage IT hardly 
decreases the rate of 
the frequency effect appears to 


at all. Similarly, increas 
stage I growth rather than stage IT ; 
be independent of the atmosphere. 

(d) The authors believe t 


is to stimulate crack growth by chemical attack 
Suggested that, in comparison with this, 
crack tip is relatively unimportant, 
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CORRESPONDENCE 
Elastic Constants of Polycrystalline MgO 


By ROBERT LOWRIE 


Union Carbide Research Institute, P.O. Box 278, 
Tarrytown, New York 


[Received 27 July 1963] 


MEASUREMENTS of the elastic moduli of single-crystal MgO have recently 
been reported by Chung (1963). From these data he calculated the 
Voight and Reuss limits for the elastic constants of a randomly oriented 
polycrystalline MgO. Hashin and Shtrikman (1962) have derived upper 
and lower bounds for these elastic moduli which always lie between the 
Voight and Reuss values and which generally delimit the values much more 
closely. 


Elastic constants of randomly oriented MgO 


R G, 1/2(G + Gy) 1/2 (6, + G3) Gs M 
12-728 12-991 13-014 13-016 13-040 13-301 
Ext E, 1/2 + Ev) 1/2(E, + E) E, Ey 
29-980 | 30-464 30-504 30-509 30-554 | 31-029 
oR 03 1/2(cg 4-0) 1/2(e,-- 05) 05 oy 
0-17770. | 0-17250 0-17206 0-17202 0-17154 | 0-16642 


f All moduli values in units of 1011 dynes per em?. 


The Hashin and Shtrikman bounds (hereafter referred to as H-S bounds) 
for shear modulus (G, and G,), and Young's modulus (E, and £,), and 
Poisson's ratio (c, and c) have been calculated using Chung's single 
crystal moduli, as have the Voight (Gy, Ey, cy) and Reuss (Gg, Er: og) 
values (table). It is readily seen that the H-S bounds are much closer 
together than are the Voight and Reuss limits. Hill (1952) has suggested 
that the arithmetic averages of the Voight and Reuss values be used as 
practical estimates of the polycrystalline values for the various elastic 
constants. Very interestingly, all the Hill averages fall between the H-S 
bounds. Indeed, they differ from the arithmetic averages of the H-S 
bounds by less than 0:03 %. - 

Chung’s measurements on polycrystalline MgO of zero porosity yielded 
E = 30-50 x 104 dyne em-?, @= 12-90 x 1011 dyne cm~? and ¢=0-18. The 
value for Young's modulus lies almost at the average between the two 
H-S bounds. However, the shear modulus lies 0:09 x 10" below the lower 
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bound, and the Poisson’s ratio 0:0075 above the upper bound. Although 
G, does lie just within the range of values shown in Chung's fig. 3, the 
discrepancy may be real, resulting from à minor amount of preferred 
orientation in the polycrystalline sample. Since c can be expressed as & 
function of E and G, the same comments apply to it as to G. 
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Comment on ' Cross-slip and Fatigue in Metals 
at Low Temperatures’ 


By C. E. FELTNER 


Department of Theoretical and Applied Mechanics, 
University of Illinois, Urbana, Illinois} 


[Received 17 July 1963] 


IT has been suggested (Feltham 1958) that the temperature dependence of 

the fatigue limit of metals should be the same as that of 7;;;, the shear stress 

required to initiate cross-slip in f.c.c. metal crystals. Following this 

suggestion, Feltham (1961) has formulated a mechanism which accounts 

for both the decline in the rate of work-hardening observed in stage IIT 

of the stress-strain curve of f.c.c. metal crystals and the temperature 

dependence of the fatigue strength. This model is based on the mutual 
annihilation of jogged screw dislocations approaching one another on inter- 
secting slip planes and results in the relation rjr; — (7rr)o [1 — (mkT/Q)], 
where Q is the energy of vacancy formation. Applying this relation to 
experimental data for both aluminium single crystals tested in tension and 
aluminium polycrystals tested in fatigue, values of Q equal to 0-42 ev and 
0-51ev, respectively, were obtained by Feltham (1961). The validity of 
the model is based on comparisons of the deduced values of Q with the 
vacancy formation energy obtained from other sources. The agreement of 
these values, especially that deduced from the fatigue data, was excellent 
when a comparison value of 0:50ev for the energy of vacancy formation 
(Gertsriken and Slyusar 1960) was used. 

In view of the importance which cross-slip models have achieved in 
interpreting the fatigue process, it seems necessary to point out that the 
correlation of the fatigue data on aluminium obtained by Feltham (1961) 
is rather poor if other reported values of Q are used in the comparison. 
This lack of agreement is demonstrated by the values of Q given inthe table. 


Activation energies, Q, for vacancy formation in aluminium 


Q(ev) | Type of experiment Measuring technique Reference 
0:76 + 0:04 Quenching 
0:76 + 0:03 Quenching 
0-79 + 0:04 Quenching 


Electrical resistivity Bradshaw and 
Pearson 1957 

Electrical resistivity Panseri and 
Federighi 1958 

Electrical resistivity | Desorbo and. 

x Turnbull 1959 

0:75 + 0:07 | Equilibrium defect | Lattice parameter and | Simmons and 

thermal expansion Balluff 1960 


pc nee l o 
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The Paramagnetism of Small Amounts of Mn Dissolved in 
Cu-Al and Cu-Ge Alloys 


By H. P. Myers and R. Westin 
Aktiebolaget Atomenergi, Studsvik, Nykoping, Sweden 


[Received 15 June 1963] 


RECENTLY obtained data on the paramagnetism of small amounts of Mn 
dissolved in « brasses showed the Mn to possess a valency which decreased 
from the value 1 when dissolved in pure Cu to a value of ~0-6 at the 
limiting « brass composition (Myers and Westin 1963). These results 
were not in agreement with Mn valencies deduced from phase diagram 
relationships and electron to atom ratios; it was therefore thought 
desirable to complement the previous work by using the corresponding 
isoelectronic Cu-Al and Cu-Ge binary alloys as matrices for Mn. The 
experimental procedure was identical to that used with the Cu-Zn-Mn 
alloys described earlier. Due to the complexity of the B phase field in 
the Cu-Al and Cu-Ge systems measurements were not extended to 


B alloys. 
Valence 
4.0 : 
0:5 
4 
| 1 14 12 13 4.4 
€:A 
Valence of Mn in Cu-Zn © ; Cu—Al |) and Cu-Ge A matrices against electron 
to atom ratio e : A. 
As with the Cu-Zn-Mn alloys a Curie-Weiss paramagnetism was 
observed over the range of temperatures used, — 120 to 400°c. Table 1 
summarizes the results giving values of the Curie constant and effective 
Bohr magneton number. The valency derived on the assumption that 


only spin magnetic moment is operative is portrayed graphieally as 
a function of electron to atom ratio (figure). It will be seen that the 


P.M. 6Q 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Correspondence 


1970 


TT m Co MÀ SRT ES SS SRE SSRIS ae 
c6 GLP LLG e- OI X LP8-0 S-I LL6 6 
0€ $8: 06-6 £- OT X 994-0 cc-T 69-I GE 
GP 68-F 68:7 e- OL X 06-0 PLT 0:6 89 
OF 0:8 TTE s- OT X 896:0 L0-I 96-I LE 
uW an) 

SI IST L8: £- OI X 016-0 LE-T S-I L:8T 
06 $8 T 06:6 £- OL X G60 S&I FS-T $0; 
66 98-7 F6-G s- OT X 696-0 SET T6-T SP 
LE c6-T c0-6 g- OT X 860-1 SEI 60-6 T6:8 

UJ, urog*? ure) Koje werg uW Iv 
Gr) (£l) OIj'€1 WOJU a 

9 vod TATO O) 0} UoI (%) mory (%) 3u819 AA 


— MU EE 
uomrsoduroo Lorry 


[I QLL 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


Correspondence 1971 


behaviour of Mn in Cu-Al and Cu-Ge matrices is generally similar to 
that for the Cu-Zn matrix, although the decrease in valency with electron 
to atom ratio is somewhat less marked, particularly in the case of the 
Cu-Al alloys, We feel that this difference between the different alloys 
is real but it is nevertheless the case that, if one assumes that in pure Cu, 
Mn is monovalent and therefore has p,,— 4-9, one may justifiably draw 
straight lines through the three sets of points and the maximum 
separation, at the a/a -- 8 boundary, is 0-3 ug which is not much greater 
than the estimated error in measurement (+ 0-1 pu). 

In the previous paper we described the results for Cu-Zn-Mn alloys 
in terms of Friedel’s model of virtual bound 3d states. The new data 
presented here also agrees with such a description. The minor differences 
between alloy systems may well be attributed to differences in lattice 
spacing. Lattice parameters have been measured for these alloys and 
are given in table 2. From the variation of lattice parameter with 
composition in the binary alloys of Cu with Mn, Zn, Al, and Ge (Pearson 
1958) one concludes that these elements expand the copper lattice by 
0:0038, 0:0021, 0:0024 and 0:0033 kX per atom per cent respectively. 
Due to the fact that Zn, Al and Ge each expand the copper lattice one 
might expect Mn to exhibit a proportionally smaller effect in these 
binary alloys than in pure copper. 

We have compared the lattice parameters of these ternary alloys 
containing Mn with those of the corresponding binary alloys on the 


Table 2 
Alloy composition atom (95) Lattice parameter (kX) 
Cu Zn. Mn Em = 
8-76 1-06 3:6378 
80-2 18-1 1-83 3-6512 
66-2 32.3 1-49 3-6827 
Al Mn 
91-9 5:94 2-09 3-626 
85-6 12-45 1-94 3.6420 
80-5 17-65 1-84 3:6576 
79:4 18:7 1-8 3-6600 
Ge Mn 
E 
95-7 2-37 1-96 -6169 
93-4 4-58 2.0 on 
91-0 7-32 1-69 3-6310 
88:6 9-2 2-17 3-6371 
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assumption that the Mn replaces either Cu or the Zn, Al or Ge respectively 
and find that in the Cu-Zn-Mn and Cu-Al-Mn alloys the Mn appears to 
have the same effect upon the lattice parameter of Cu as does the 
equivalent amount of Zn or Al and therefore has smaller, size than it 
does when dissolved in pure Cu. This tendency is very much accentuated 
in the Cu-Ge-Mn alloys for in this case the Mn appears to replace Cu 
in these alloys and have the same apparent size as this element. Thus, 
whereas Mn expands the lattice of Cu by 0-0038 kX per atom per cent, 
we conclude that the corresponding expansions for Cu-Zn, Cu-Al and 
Cu-Ge matrices are approximately 0:0021, 0-0024 and 0-000 kX 
respectively. 
REFERENCES 
Myers, H. P., and Westin, R., 1963, Phil. Mag., 8, 669. 


Pearson, W. B., 1958, Handbook of Lattice Spacings and Structures of Metals 
and. Alloys (Pergamon Press). 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


[ 1973 ] 


On the Gradient Column Method for Measuring Densities; with 
Particular Reference to its Application to Polymer Single Crystals 


By T. Kawat and A. KELLER 


H. H. Wills Physics Laboratory, University of Bristol, 
Royal Fort, Bristol 8, England 


[Received 2 August 1963] 


PrRHAFPS the simplest and most convenient method for measuring densities 

is that based on the density gradient column (Lindenstrom-Lang 1939). 

In this method a gradient of density is established in a pre-selected density 
range by choice of appropriate miscible liquids of differing densities, mixed 
in continuously varying proportions along the length of a column. The 
solid object, the density of which is to be measured, will sink in the column 
until it comes to rest at a position believed to be appropriate to its density, 
the density of the liquid along the column being known from calibration 
with floats. This method is widely used in various fields, particularly in 
mineralogy and polymer science. 

The purpose of the present note is to point out that the density gradient 
method for measuring densities is fundamentally unsound and can give 

. grossly erroneous results where the specific surface of the particles to be 
measured is large, a point to be illustrated by a topical example from the 
polymer field. 

In the column of liquid of varying composition there is a gradient of 
interfacial free energy with respect to a solid object placed in it. By 
definition this gradient of energy represents a force which as pointed out 
to us by Dr. C. R. Burch, adds, with the appropriate sign, to that due to 
gravitation. The object in the gradient column comes to rest not where 
the gravitational force is zero but where th. 
i.e. where the forces due to 
balance. This will be at 
object. 


oe s, the force represented by the interfacial free energy gradient, is 
given by 2 


B= -a (T) EU 5 


where A is the surface area of the object, T the interfacial free energy and 
h the position coordinate along the column. 


Be, the gravitational force, is given by 


SX e free energy is a minimum, 
gravitation and interfacial free energy gradient 
a liquid density which is different from that of the 


Pg —V(o—p)go — VgAp, c 3 
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where V is the volume of the object, p and p, the densities of object and 
liquid respectively and g is the gravitational constant. When the object 
is in flotation equilibrium F g= Fs and we have from (1) and (2) : 


Vg dh 
Ap is the difference between the densities of the object and the surround- 
ing liquid where the object comes to rest, and consequently represents the 
error committed by this technique in normal usage. It is clear that this 
error is significant where the surface to volume ratio is large. This will 
be the case in many of the applications where fine powders, suspensions 
and porous objects are measured in this way. 

The present problem has come to our notice in connection with dis- 
crepancies in the density measurements of polyethylene crystals (Kawai 
and Keller 1963, Fischer and Schmidt 1962). These crystals pre- 
eipitate from solution forming a suspension. The densities determined 
by pyenometry, on the suspensions themselves and by direct flotation 
methods in liquids of appropriately adjusted density, are in the range of 
0:99-1:00, which is in the range of the crystallographic density, while 
those obtained with the density gradient method on dried-down mats of 
the same crystals are in the range of 0:95-0-97. Further, we have been 
informed ( Wunderlich, private communication) that values lower than the 
erystallographie values were obtained when a drop of the suspension itself 
i Wo in the density gradient column. This issue is of basic impor- 

pue foi the current concepts on the perfection of polymer crystals. 
Consequently we examined the effect the interfacial energy gradient may 
have in the density gradient method as applied to these crystals. 

We used two types of gradients, one with an alcohol-water, another 


Tes, covering the density range 
-water system is negative and is 
: j j r the SRL om tetrachloride 
arent densiti i 
the former. A drop of crystal usu ae eee scl i 
xylene (1% concentration at 70°c) but transferred with ee 
acetone into alcohol—was placed in the alcohol 2 
erystals, which had densities of 0-99 or 
stayed on the surface of the colu i 
They sank, however, to a density 2 ms e ae D) 
sion was placed in the x lene-carb i 
existence of the effect s ducc m e m de DE uo the 
For a more quantitative assessment we ae 
magnitude of the quantities in eqn. (3). T is given ic m 
depression or elevation of the liquids in question in a capil] aoe fy ibe 
the solid, the density of which is to be determined m 
ments with polyethylene capillaries we found that T- 
— 22 dyn/em? for 0%, 15%, 32% and 100% E 


ginal xylene suspen- 


From measure- 
+24, —2, WIR 
alcohol content respectively. 
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"The respective densities are 1:00, 0-97, 0-95 and 0-80, the first three of which 


correspond to h= — 80, —40 and 0 em (along the column). The gradient 
relevant for our experiment is that between 0 and — 40 cm where, taki ng 
T as approximately linear, we get dT/dh=—0-2. Polyethylene single 


crystals are built of thin lamellae where the side surfaces are negligible 
compared with the basal ones. Denoting the lamellar thickness by /, A [V 
will be to a good approximation equal to 1/7. In our crystals Z~ 100 4, hence 
A/V=10%em-! which makes Ap=—200. This is clearly enormous 
and would prevent the crystals from sinking, which agrees with the 
observation. 

T for xylene and carbon tetrachloride were found practically equal, 
about —0-32 dyn/em?, with indications that the values (absolute) for 
xylene are somewhat, about 5-10%, larger. (Amongst other factors 
the lack of complete uniformity of the hand-drawn capillaries did not 
allow greater precision). Thus d7'/dh will be very small, and according to 
indications negative. However, for Ap— —0-03 (the magnitude of the 
discrepancy referred to) dT'/dh need only be —3-10-5 dyn/cm? which, 
while difficult to prove directly is certainly possible. 

In the considerations above it was assumed that A/V is that of the 
individual crystal layer, the thickness of which is determined by the 
molecular fold length (see, e.g., Keller 1962). The actual crystals consist 
of stacks of such layers, yet the layers within the stack need not be conti- 
guous but may splay apart. In those used in the present tests the crystal 
layers splay individually as seen while in their mother liquor (xylene). 
In other kinds of preparation the splaying may not be so pronounced 
(Bassett et al. 1963), in which case the free surface may not be identifiable 
with that of the monolayers : here A/V would be smaller. But even the 
same preparation may have a different effective surface in liquids of dif- 
ferent wetting ability, as the liquids may influence the amount of splaying. 
This inherent uncertainty in A/V would make a more rigorous quantitative 
verification of eqn. (3) rather questionable in the case of polymer crystals : 
for this other systems where the effective particle size is under better 
control would be more appropriate. Even so, in the xylene-carbon 
tetrachloride column higher wettability, hence larger A/ V—possibly that 
corresponding to the individual ~ 100 & layer—than in the. water-alcohol 
column is to be expected. 

In the case of crystal mats obtained by drying the suspension, the 
surface energy effect will depend on the size of the area which is wetted. 
If the liquid penetrates between all crystal layers A/V will be equal to 
that in the original Suspension. The similarity of results with suspension 
and dried mats in the xylene-carbon tetrachloride system may suggest 
such complete internal wetting. The higher densities of the mats 
(0:955-0-975 (Kawai and Keller 1963), compared with the suspension, 
< 0:95), in the alcohol-water column may indicate poorer internal wetting 


in the mats, also suggested by the erratic behaviour of the latter (Kawai 
and Keller 1963) CES 
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With A/V =1/l and (1/g)/(d T]dh) S K we get for the apparent density 
p; (read. off directly from the column) for the same unaltered true density 
is K 

Pi = ie T = = 3 5 4 e a 4 = (4) 


A relation of the form of eqn. (4) between apparent density, as measured 
in a gradient column, and layer thickness as measured by x-rays (long 
spacings) and varied systematically by heat annealing has in fact been 
reported recently (Fischer and Schmidt 1962), where it was attributed 
to a real change in density on heat annealing. Identification of this 
experimentally established relation with our surface energy effect, 
however, implies that no true density change has taken place and that 
the mats in those experiments were completely wettable in all stages of 
the annealing treatment—both of which may be arguable. Dependent 
on these points the interpretation of the experimentally found density— 
long spacing relation (Fischer and Schmidt 1962) in terms of the surface 
energy gradient effect alone may or may not be warranted, and the 
agreement between the equations may or may not be fortuitous. 

The surface energy gradient effect represents the most fundamental 
and general source of error in the density gradient column method. 
With polymers other more specific error sources may also be present; 
they will be dealt with in a subsequent communication. 
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Ordering Effects in the Alloy Au,Mn 


By D. P. Morris, J. L. Hvauzs and G. Davies 
Physies Department, University College of North Wales, Bangor 


[Received 10 August 1963, and in revised form 28 August 1963] 


IN a recent paper (Morris and Hughes 1963) it was shown by x-ray 

powder analysis that the fundamental cell of the periodic anti-phase 

structure of ordered Au,Mn is tetragonal, with a = 4-041, å, c— 4-064. A, 

c[a — 1:005; at 22°c in a sample quenched after 24 hours at 550?c. The 
full structure has not yet been determined and single crystals are being 
prepared for its detailed study. In the meantime an investigation has 
been made of the transition from the disordered « solid solution to the 
finally ordered state by means of powder samples quenched after short 
periods at a suitable elevated temperature. This work was prompted 
by the fact that during a study of the Au-Mn phase diagram in the 
region 20 to 25 at. % Mn an orthorhombic structure was occasionally 
found around the composition Au;Mn which was appreciably more 
distorted from a cube than the «” phase which occurs between 21 and 
22-2 at. % Mn (Morris and Hughes 1962). Initially this new structure 
could not be obtained in a reproducible fashion and it was considered 
to be a metastable transition structure between disordered and fully 
ordered Au,Mn, requiring special treatments for its observation. This 
has been confirmed by the work described below. 

The alloy was prepared to the composition Au4Mn by melting accurately 
weighed quantities of the high purity elements in an evacuated silica 
tube. The ingot was homogenized for 12 hours at 800°c, and powder 
samples prepared with a dead-smooth file, iron pick-up being removed 
with a magnet. All the powder samples were heat-treated in vacuo at 
800°c for 24 hours to remove internal strain and to produce a uniform 


initial condition corresponding to the disordered f.c.c. solid solution of 
Mn in Au. Small samples were then sealed off in evacuated pyrex tubes 
and rapidly quenched after 


heat treatment for known times at a suitable 


temperature. After a few trials at other temperatures 445°o was found 
to be à convenient temperature for following the progress of the transition 
from disorder to order ric f 


) - A vertical tubular electric furnace, controlled at 
this temperature, held a cylindrical block of heat-resisting steel, having 
a number of holes to accommodate the specimen tubes. A steel disc 
containing one hole could be rotated beneath the block to allow a pre- 


selected specimen to be dropped rapidly ; i di f 
iced water. The pre-heat wld Nese ae Ur Ros 


ed block could be withdrawn sufficiently from 
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à i 'eci hange of 
the furnace to insert the specimen tubes without appreciable 7 : 2 vm 
Ji bd Ti Pi " x 
temperature. Diffraction patterns of the quenched pow ders w a 
with Cu Kz radiation and a PW 1024 camera. 


X-ray diffraction photographs of the alloy Au,Mn. (a) Very rapid quench 
in thin-walled quartz from 700?c. (b) Quenched in quartz of normal 
wall thickness from  7009c. (c) Quenched after 5 min at 445°. 
(d) Quenched after 13 min at 445°, AujMnI. (e) Quenched after 
30min at 445°c. (f) Quenched after 10 hours at 44596. Au,Mn II. 


Representative photographs ilustrating the sequence of changes 
observed are shown in fig. 1. Photograph (a) corresponds to the f.c.c 
solid solution of Mn in Au. Very rapid quenehing is necessary to visti 
the disordered state. This was achieved by enclosing the powder ün 
a very thin-walled quartz capillary and quenching into iced water from 


contained in normal wall-thickness quartz and quenched from the 

tegion gave photographs similar to (6), showing a poor cubic auo 
with blurring of the high angle lines together with faint extra Baes va 
low angles. Ordering effects have been reported by Jacobs ef al (1962) 


and Sato et al. (1962), but as shown above the disordered state can be 
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retained with more efficient quenching. Quenching after 5 min at 
445?c gave photograph (c), showing broadening of many of the initial 
cubic reflections. This. broadening becomes more pronounced with 
increasing heating times until eventually separation of the cubic lines 
into components begins to be visible. Photograph (d) shows the result 
of quenching after 13 min at 445°c, the (200, 020, 002), (311, 131, 113) 
and the (400, 040, 004) reflections indicating an orthorhombic distortion 
of the cubic lattice. At higher angles K«,«, resolution leads to super- 
position of many of the reflections and accurate measurement of the 
film becomes difficult. A film of better quality was in fact obtained 
‘accidentally ' on a different camera three years ago and is shown in 
fig. 2 (a). Two independent measurements were made on the 422, 242, 


Fig. 2 


(a) AugMn I ‘accidentally’ obtained (see text). Cu Kag radiation. (b) AugMn II. 
Sample of photograph (a) after standing at room temperature for three 
years. 


224, and 333 Ka, reflections, and the lattice parameters of the ortho- 
rhombic fundamental cell were calculated by Cohen’s method to be: 
a@=4:107 å, b=4:051 A, c=4-011 A, at 22?c. We propose to call this 
structure Au,Mn I. The superlattice lines indicate that this orthorhombic 
cell is not the true unit cell and a more detailed study with a diffracto- 
meter is being made in an attempt to determine the true structure. 
It is not however an equilibrium phase at this temperature because 
further isothermal heat treatment leads to a gradual deterioration in the 
quality of the x-ray photographs and eventually a change into a new 
structure. This sequence is shown in photographs (e) and (f) of fig. 1, 
corresponding to samples quenched after 30 min and 10 hours respectively 
at 445"c. The last photograph corresponds to the ordered Au;Mn 
structure having the tetragonal fundamental cell referred to by Morris 
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and Hughes (1963), with the parameters a=b=4-041, å, c—4-064, A. 
This appears to be the final equilibrium structure since further isothermal 
heat treatment produced no detectable change. It is proposed to call 
this structure Au,Mn II. It is interesting to note that the sample 
giving the Au,Mn I structure of fig. 2 (a) had transformed into Au4Mn II 
after standing at room temperature for about three years as shown in 
fig. 2 (b). 

The ordering processes involve successive small contractions in the 
unit cell volumes. In the quenched samples these volumes are 66-86 A3, 
66-74 4°, 66-40 A$ for disordered Au,Mn, Au,MnI, and Au,Mn II 
respectively at 22°c. 


The effect of isothermal heat treatments at other temperatures is 
being investigated. 
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The Nature of Deformation Stacking Faults in F.C.C. Alloys 


By A. HowrE 


Cavendish Laboratory, Cambridge 


and U. VALDRE 
Istituto di Fisica, Bologna, Italy 


[Received 11 September 1963] 


Ix f.c.c. crystals, deformation stacking faults can be of either the intrinsic 
or extrinsic kind (Frank 1951): the latter can be considered as two intrinsic 
faults on adjacent planes. ‘The two possible stacking sequences compared 
with that in the perfect crystal are as follows (the arrows mark the positions 
of the intrinsic faults) : 


QU pq BOULE A B C Berfect crystal 
A B © A, © A BOCCO A munnsic:faulb 
A B Oe Ary Or Bo CAB) Extrinsic fault 
Crystal I Crystal IT 


From electron microscope studies of deformed f.c.c. stainless steel, in 
which dislocation networks containing both extended and contracted 
nodes occurred, Whelan (1959) inferred that only one type of fault was 
present. It seems likely that this would be the intrinsic type since the 
stacking sequences indicate that an extrinsie fault can be regarded as 
consisting of two intrinsic faults on neighbouring planes and hence (neglect- 
ing possible interaction between the faults) the intrinsic fault would be 
expectedtohavealowerenergy. Inadditionthe glissile partial dislocations 
required to bound an extrinsic fault would be more complicated and would 
probably have a higher core energy than would be the case for an intrinsic 
fault. Recently however, Aerts et al. (1962) have observed that in silicon 
both types of faults occur and have roughly equal energies. Itis therefore 
of some interest to identify more positively the type of deformation fault 
generally occurring in f.c.c. alloys since this may be of importance in 
determining the structure and properties of various lattice defects. 

Hashimoto et al. (1962) proposed a method for distinguishing between 
the two kinds of faults from a study of electron microscope images and 
preliminary results indicated that the faults in Cu + Al alloys were of the 
intrinsic type. Since then the method has been applied to numerous 
faults in Cu t Al, Cu + Ge, Ni + Co, and stainless steel alloys, and the results 
will be described in this paper. A preliminary account of this work was 
presented at the 48th meeting of the Italian Physical Society, Bologna, 
September 1962 (Howie and Valdré 1963). Recently intrinsic faults have 
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also been found in Cu + Ga alloys by Art et al. (1963) who give a much more 
detailed description of the technique. ; 

The basis of the method and steps in the interpretation of the images 
can be summarized briefly as follows. 

(1) Stacking-fault images consist of sets of fringes running parallel to the 
intersections of the fault with the foil surfaces. The fringes of the bright- 
field image are symmetrical about the middle of the fault but the fringes of 
the dark-field image are asymmetrical, being similar to the bright-field 
fringes for the part of the fault near the top of the foil (nearest the electron 
gun) and pseudo-complementary for the part of the fault near the bottom 
of the foil. 

(2) From a given bright-field picture, dark-field picture and associated 
diffraction pattern (assuming that allowance has been made for all instru- 
mental image rotations and inversions (see Groves and W helan 1962)), 
it is therefore possible to identify the position and sense of inclination of the 

fault plane relative to the foil. The pattern can then be indexed so that the 
upward drawn normal to this plane is in the direction [111] as in fig. 1. 


Fig. 1 


(a) (b) 


Schematic diagram showing the opposite displacements o 


produced by an intrinsic fault (a) f the Bragg planes 


and an extrinsic fault (b). 
(3) Whenonly one Strong Bragg r 
lattice vector gis operating, 
quantity exp (2ig . R), whe 
below the fault relative to 
that only the value of g. R modulo l,(—1/2« g.R<1/2 
for faults in f.c.c. crystals, where Eg. R-—n[3 (n Dene zi 


cases g. R= + 1/3 need be distinguished (f S 
In addition, as Art et al. ( = (for g. R=n the 


displacement normal to the f, i 
to the fault plane. With the definition 


(see fig. 1), This implies 


— 1/3[111] respectively, the former corresp 
packed layer of atoms and the latter to the 
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BRIGHT FIELD DARK FIELD — 


| _ 2002 


Buheti aod Sad Qd pictures of a stacking fault in Cu+7% Al alloy 
ns m E AA Bragg reflection g indicated. The intersections of 
and Bo vt le top and bottom surfaces of the foil are marked T 

espectively. For interpretation see text. Magn. = x40 000. 
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Tntrinsic and extrinsic faults therefore give rise to values of g . R of opposite 
sign. 

(4) The rule given by Hashimoto et al. (1962) states that on à positive 
print of the bright-field image, the fringe nearest the foil surfaces will be 
bright or dark (corresponding respectively to higher or lower transmitted 
intensity) according as g. R= + 1/3 or — 1/3. Knowing g, we can therefore 
determine the sign of R. i 

In practice, the nature of the first fringe may be uncertain since its 
visibility depends on the relative intensity of the background outside the 
fault. It is therefore desirable to check the consistency of the results by 
taking pictures of the same fault using a number of different Bragg reflec- 
tions (see fig. 2). The diffraction pattern of fig. 2 is indexed so that the 
upward drawn normal to the foil is [1 10] and the upward drawn normal to 
the fault plane is [111] (asin fig. 1) and has a positive component along both 

[110] and [002]. This is evidently consistent with the sense of inclination 

of the fault plane as determined from comparison of the bright-field and 

dark-field pictures. The nature of the first fringe in the bright-field pictures 
shows that the values of g. R are + 1/3, — 1/3 and — 1/3 respectively. This 
can only be true with the g vectors given if R= +1/3[111] rather than 

—1/3[111]. The faultis therefore an intrinsic one. We have now examined 

the faults in several f.c.c. alloys, Cu+7% Al (38), Cu--9-7595 Ge (10), 

Ni+ 7 0% Co (21), and stainless steel (15) (the number of faults 

examined in each alloy is indicated in brackets), and find that in all cases the 

faults are of the intrinsic type. The same conclusions are obtained using 

EC rule given by Gevers et al. (1963) which employs the dark-field images 

alone. 
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Elastic Anisotropy in Cold-worked and Annealed 
Hexagonal Cobalt 


By N. C. HarpER and G. B. MrrRA 


Department of Physics, Indian Institute of Technology, 
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[Received 27 May 1963, and in final form 16 July 1963] 


RzcExTLY Rao and Anantharaman (1962) have studied the line broadening 
in cold-worked hexagonal cobalt in which they considered some fault 
unbroadened reflections and attributed the entire broadening to lattice 
strainonly. They calculated the mean deviation from mean strain, the per- 
centage of which was within the experimental error. From this they 
concluded that the strain distribution in hexagonal cobalt is isotropic. 
Halder (1963) extended the study to both cold-worked and annealed 
specimens and concluded that there was both stress as well as strain aniso- 
tropy at different stages of annealing. In both works particle size and 
lattice strain were determined from line-breadth measurements, assuming 
(Paterson 1959) that the entire broadening was due either to smallness of 
crystallite size or to strain in the lattice. The individual effect of these two 
quantities in a composite broadening, however, was not separately con- 
sidered. In the course of the present work the particle size and strain 
broadenings have been separated by following the method due to Hall 
(1949). Plots of B cos 0/A against 2 sin 0[A, where B is the integral width, 0 
the Bragg angle and A the wavelength of the radiation used, have been 
obtained for 007 and h00 directions. 

The B values used here of the reflections 002, 004 and 100 have been taken 

from previous analysis of Halder (1963) after recalculation, whereas those 
of 200 reflection have now been measured from the same microphotometer 
tracings recorded earlier along with the above reflections by the method 
described therein. The reflections 100 and 200 have been used to represent 
the A00 direction and 002 and 004 to represent the 007 direction. 
- E to ed p Mie strain in the 100 direction is appreciably 
See 2 2 i e 002 Seton. Young's modulii in the two 
n n so vary by about 32%. The stress in the two directions are 
a he same. Hence for the present analysis the equation: 


where eis the mean strain and t the particle size, has been used separately 
for two different directions. Here only the directions 200 and 007 are 
being considered because there is no other suitable reflection which can be 
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Plot of B cos 6/A against 2 sin 0/A for hexagonal cobalt in 00 direction. 


Fig. 2 
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combined with 110 to get the other hk0 direction. The stress functions are 
calculated from c — eE,;, where Epy is Young's modulus of elasticity. 
It is appreciated that the difference in E,,, values for the two directions, 
100 and 002, willmake the stress functions more distinct. Since the analysis 
had to be carried out with only two reflections for each direction, it was 
decided to check if the values of B obtained experimentally were fairly 
accurate. For this purpose, several photographs were taken with different 
sample-sticks prepared from the same cold worked and annealed filings and 
the values of B obtained for the various reflections remained reasonably 
constant. No numerical analysis for this purpose was undertaken. The 
- plots of Bcos6/A against 2sin 6/A for the two directions are illustrated in 
figs. 1 and 2. 
The intercepts of these straight lines with the axis B cos 0/A give straight- 
away the reciprocal of the particle size whereas the slopes give the mean 
strain. These are shown in the table below. 


001 


Stress : Stress 
: articl 3 š 
in P UM e| Strain in 
dyne cm~? dyne cm~? 


12504 | 0-0058 | 18-18 x 10? 0-0053 | 11-20 x 10? 
1540 0:0048 | 15-05 : 0:0045 | 9-51 
2220 0:0032 | 10-03 y 0-0036 | 7-61 
2850 0:0021 | 6-58 : 0-0026 | 5-49 
3350 0:0013 | 4-07 0:0018 | 3:81 


It can be seen that the particle sizes of A00 directions are very slightly 
larger than those of 00/ direction and point to very little or no anisotropy. 
The large particle size also indicates that the broadening is mostly due to 
strain. ‘The stress functions and strains in this analysis are different in the 
two directions in the beginning. But with annealing the anisotropy in 
the strain is reversed and that in the stress disappears at about 410°c. 
This means that the strain is more anisotropic than stress. 
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ABSTRACT 


The available data on the resistivity due to dislocations in a number of 
metals are presented taking account where possible of the considerable 
deviations from Matthiessen’s Rule which occur between 4-2?k and S0^x. 
At present scattering due to lattice dilatation and scattering due to stacking 
faults both seem incapable of explaining the observations. By comparing the 
deformation of the lattice round a dislocation with the deformation due to 
thermal vibrations, a relation between dislocation resistivity and ideal 
resistivity is obtained which appears to account fairly well«for the relative 
magnitude of the dislocation resistivities measured in different metals. 


$1. INTRODUCTION 


fy——- Prastic deformation of a metal usually causes an increase Ap in the electrical 
tE resistivity which can be divided into two parts of roughly equal magnitude : 
2 Ap = App + Apy. 
Apy disappears after annealing at temperatures where point defects can 
; diffuse but App remains until recrystallization occurs and is ascribed to 
scattering of electrons by dislocations. Values of Apy to be associated with 
a given density N of dislocations are now available for a number of metals. ? 
NS Blewitt et al. (1955), working with copper single erystals and measuring 
| resistivities at 4:2°x, found that the resistivity increases were related to the 
| resolved shear stress 7 (measured in Kg/mm?) by the equations: 
| Ap=1-3 x 10197? ohm-cm, i Soe eee) 
eee (2) 
- The constant in the second equation was the same for crystals deformed at 
a various temperatures between 4-2?k and room temperature. g 
i | ; More recent measurements of the resistivity increase of deformed copper 
j single erystals by Buck (1962) also yield a linear relation between App and 
7? in stage IT of thà stress-strain curve but the constant of proportionality 
is less by a factor of 4 than that used in eqn. (2). At present we would 
tend to discount Buck’s suggestion that this discrepancy occurs because he 
annealed his crystals at 450°K, whereas Blewitt et al. used an annealing 
temperature of only 300?x. The results of Druyvesteyn and Manintveld 
(1952) suggest that the lower temperature would be adequate to remove all 
of the point defects and we consider that the discrepancy may be connected 


| App = 9 x 1071! z? ohm-em. 
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with the surprisingly large resistivity increase (proportional to 7 rather than 
to 7?) which Buck detected in stage T of the stress-strain curve. An order 
of magnitude calculation using experimentally determined values of 
dislocation density and resistivity indicates that at this stage of deformation 
App would be too small to measure and we have in fact been unable to 
detect any resistivity increase using a copper single crystal of resistivity 
ratio = R(273?)|R(4-2?) 2300. By comparison, Buck’s crystals had 
rather poor resistivity ratios (10<#<40) and it seems possible that the 
increase in resistivity which he observed could have been due to an error 
(as small as 1%) in the estimation of the shape factor change during 
deformation. Further investigation of these points would be valuable 
but for the moment we assume the validity of eqn. (2) in copper. 

Electron mieroscope studies (Bailey and Hirsch 1960, Venables 1962) 
have shown that in a number of f.c.c. metals (Cu, Ag and Cu + Al alloys) 
the resolved shear stress is given in terms of the average dislocation density 
N by the relation : 

T= (1/2)Gb./N, Pa Horas Ud 
where G is the shear modulus and b the magnitude of the Burgers vector. 
The result is confirmed for copper single crystals by etch-pit experiments 
(Livingston 1962) and the electron microscope studies of Keh (1962) have 
shown that a similar relation holds for iron provided that the stress 7 
is interpreted as the increase above the initial yield stress. 

Taken together eqns. (2) and (3) indicate that, in the range accessible to 
measurements, App is proportional to N and that the resistivity associated 
with unit dislocation density in copper is App/N ~ 2-3 x 10-19 ohm-em? 
Recent work by Cuddy (to be published) on iron with small (0-029/) 
addition of manganese can be interpreted along similar lines provided 
that solute effects can be neglected. Cuddy quotes a value for App/N of 
3 x 10-18 ohm-em? assuming all of the strain induced resistivity to teas " 
dislocations. However, since about 30% of this resistivity DET of " 
room temperature (the temperature at which the relevant disk id 
density counts made by Keh (1962) were conducted), we consider ae Eu 
estimate of App/ N = 2 x 10-18 ohm-cm? for iron would b a s E 

A relation similar to (1) has also been found + UR. cud 
by Basinski ef al. (195 'ovi i 3 aog for potassium 

y ki et al. (1959) provided 7 i i 
i l I i s taken as the increase m resolved 
shear stress above the initial yield stress. This suggests that wi e 
interpretation of 7, eqn. (3) can be applied to this metal am T iS Ec 

G — 1-2 x 1010 dynes/cm? ere 
and assuming App ~ Ap/2 we find that for potassium 
App/ N c: 4 x 10-9 ohm-em?, 

Values of Apy/.N derived from comparison of stored energy a Glue E 
measurements on a number of metals have been publie de M 
Clarebrough et al. (1961, 1962). However, all of these E a Dy 
were made at either 80°K or 273*x and if they are to be com ER 
name for copper quoted above (which refers to 4:2°K) Es A m 

9 913 5 2 j Or 
eviation from Matthiessen’s Rule should be applied, The figure Boss 
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for deformed copper, silver 


Ap. as a function of measuring temperature 7’, 
a E d more fully elsewhere, 


and gold wires. These results, which will be presente 
in obtained by comparing the resistivities of deformed and aee 
specimens of accurately known shape factor placed in a cryostat : i 

temperature continuously variable between 4-2°x and room tempera uin 
(for details of apparatus, see Dugdale and Gugan 1960). Tt can be seen that 
for copper, silver and gold respectively App rises by factors of about 1-6, 
L8 and 1-3 between 4-2?k and 80?k and appropriate corrections have 
been made to the results of Clarebrough etal. The correction factor for the 
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Graphs of apparent dislocation resistivity App (in u Q cm) versus temperature for 
deformed copper, silver and gold. 


case of copper, which is in agreement with the result of Powell e£ al. (1959), 
was checked by two other methods, the dislocation density in all cases 
being close to that in the specimens of Clarebrough et al. Curves of a rather 
similar form to those of the figure were found for deformed tungsten by 
Krautz and.Schultz (1954) who observed an increase im App by a factor of 
about 1-15 in the same temperature range. It would evidently be ofinterest 
to extend these measurements to other metals. 

The values of App/N measured in different metals and corrected when 
possible for deviations from Matthiessen's Rule, have been placed in the 
table below. 


$2. RESISTIVITY or DISLOCATIONS : VARIOUS MODELS 


In the past, theories of resistivity due to dislocations have been based. on 
a number of different scattering mechanisms. In particular we will now 
discuss briefly (in the light of the experimental information at present 


682 
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available) scattering due to lattice dilatation, scattering due to stacking 
faults, and scattering due to lattice deformation. 


Values of Apy/N in units of 107? ohm-cm? for various metals 


App|N | Appi 
Metal computed | computed Appl N Remarks on source of 
Moie from from experimental experimental figure 
eqn. (4) eqn. (5) 
Qu | 20 20 | 23 Blewitt et al. (1955) see $ 1. 
1-7 Clarebrough et al. (1961, 
1962) corrected for devia- 
tion from Matthiessen’s 
Rule 
Ag 2.9 2+ 1-9 > 
Au 2-8 3:8 2-6 
Al 4-7 2-9 3:3 Clarebrough et al. (1961, 
1962) as measured at 80°K 
Ni 10-5 zn 9-4 Y 
Pt 22 — ~9 See below 
K 3:9 4:2 4 Basinski e£ al. (1959) see § 1. 
Fe 22 ll 20 Cuddy (to be published) 
see § l 
wW 11 = ~19 See below 
Zr 86 — ~100 See below 


2.1. Lattice Dilatation Scattering 
As a result of the lattice dilatation near a disloc 
charge occurs to keep the Fermi level constant and hence gives rise to 
scattering potential. Calculation of the scattering due to dii ffi : 
(Hunter and Nabarro 1953, Seeger and Stehle 1956) yield answers ; lle: 
than the observed values of dislocation resistivity by a factor tok ii 
50 in the case of copper. Much of the dilatation Scattering comes fr n he 
core of the dislocation where the calculation of the dilatation is aoe ble. 
More recently Seeger and Bross (1960) have extended these cen on 
second order in the scattering potential and find that dislocations with * 
edge component have a resistivity which diverges logarithmicall ud ie 
radius of the elastic stress field. Nabarro and Ziman (1961) ae h : : 
that this is a spurious result due to a peculiarity of the oe E 
expansion and that the earlier calculations treat correctly (at OR 


ation, a redistribution of 
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within the limitations of the free electron model) the dilatation scattering 


outside the core. : 

Harrison (1958) considered the effect of the dilatation in the core by 
calculating the scattering from a hollow cylinder corresponding to one 
atomic volume per atomic length of dislocation and obtained for copper 
the dislocation resistivity App[JN & 5 x 10-°° ohm-em?. Thus most of the 
scattering due to dilatation comes from the core and seems scarcely sufficient 
to explain the experimental results. 


2.2. Scattering from Stacking Faults 


Scattering by stacking faults was suggested by Broom (1952) as a source 
of dislocation resistivity in f.c.c. crystals where the dislocation can dissociate 
into two partial dislocations bounding a stacking-fault ribbon. The 
resistivity per unit area of stacking fault in gold has been experimentally 
determined by Cotterill (1961) to be 1-8 + 0:3 x 10-5 ohm-em? and is in 
reasonable agreement with a wave matching calculation (Howie 1960). 
To explain the dislocation resistivity figures for the noble metals on this 
basis therefore, the stacking-fault ribbons would have to be 120 & wide, 
which is at least four times the maximum width currently thought possible. 
In Al with a much smaller ribbon width (scarcely distinguishable from the 
core), the situation is still worse, while in b.c.c. crystals dislocations are 
usually regarded as undissociated, so that the high values of dislocation 
resistivity measured in potassium and iron (see table) would be inexplicable 
in terms of stacking faults. It does not seem possible therefore that 
stacking-fault scattering can play a significant role in dislocation resist- 
ivity. Clarebrough et al. (1962) reached a similar conclusion in discussing 
their experimental results for f.c.c. metals. We should point out however 
that the contribution of stacking faults to the resistivity may be important 
in the case of alloys of low stacking-fault energy such as Cu + Zn, Cu 4- Al, 
where the resistivity per unit area of stacking fault should be comparable 
in order of magnitude to the figure given above for the noble metals. There 
is a strong correlation (Christian and Spreadborough 1956) between the 
density of stacking faults as determined by x-rays and the manifestation 
of a large resistivity increase after cold work in these alloys but the faults 
which give rise to both the x-ray and resistivity effects occur only after 
fairly heavy deformation and probably correspond to stacking-fault 
ribbons greatly in excess of the equilibrium ribbon width as observed by 
electron microscopy (e.g. by Howie 1962). The possibility of ordering 
effects exerting some influence on the resistivity of deformed alloys must 
also be borne in mind of course. 


2.3. Scattering due to Lattice Deformation 


Another form of scattering arises because of the atomic displacements 
from the perfect crystal positions. Around a dislocation these displace- 
ments vary with position and give rise to a deformation of the lattice. 
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Since the effect is to produce both a tilting and a compression of the crystal 
planes near the dislocation so that locally the conditions of Bragg diffraction 
are changed, the scattering which results is a kind of diffraction scattering. 
In the highly distorted region near the dislocation core where the atomic 
disorder may approach that of a liquid such scattering should occur in 
addition to the dilatation contribution discussed in § 2.17. 
Klemens (1956) attempted to take some account of this type of scattering 
due to the atomic displacements outside the dislocation core, by expressing 
these displacements in terms of standing wave ‘phonons’ in the lattice and 
using an empirical value of the electron-phonon coupling constant 
(derived from thermal conductivity). Similar methods had been used 
earlier by Jongenburger (1953, 1955) and by Overhauser and Gorman 
(1956) in estimating the resistivity due to lattice strains round point 
defects. Although the value Klemens obtained for the resistivity of 
dislocations in copper was some 40 times smaller than the observed 
figure, this was probably due in part to the rather small value he 
took for the electron-phonon coupling constant. In addition, the 
important phase relations which necessarily exist between the ampli- 
tudes of the standing waves from which the dislocation strain field is 
composed are rather difficult to treat reliably in such an approach and were 
neglected by Klemens. However, although any absolute calculation of 
dislocation resistivity along these lines presents severe problems, it seems 
worth while for the comparison of relative figures in different metals to 
exploit further the relation between dislocation resistivity and ideal 
resistivity. The great advantage of this method is that it enables us to 
cireumvent many of the still unsolved problems of electron-phonon 
interaction in the case of real metals with complex Fermi surfaces and con- 
duction electrons which are far from being free electrons. These problems 
are common to any calculations of either the dislocation resistivity or the 
ideal resistivity and by expressing the dislocation resistivity in terms of the 
ideal resistivity we may avoid them and obtain a useful w 


‘ivity orking formula 
for the estimation of dislocation resistivities in different m 


etals. 
g D * T ni Nn * A Y T Y 

$3. COMPARISON OF DISLOCATION RESISTIVITIES IN DrrrERENT METALS 
In order to develop a formula for use in comparing dislocation resistivities 
in different metals, we consider a erystal with the atomic volume V. For 
dislocation density of N cm-?, the fraction of a o eed 


toms which lie i i 
: ; f on disloc 
is proportional to .N V?3 and the mean square ations 


À displacement (spati : 
is proportional to NV V?35?. where b is the magnitude of th euo 


For a dislocation resistivity App the cube with the des m i 
a resistance ARp= V—Apy. In a perfect crystal at sufficiently ios 
temperatures the mean square displacement due to thermal e 
is A? /k MO? (where © is the Debye temperature and M the atomic r a 
In one atomic volume this gives rise to the idea] resistance of th e 


IER IMEEM M TEE EL e solid 
T The contribution of these two types of scattering to the rer or Rn 
metals has been diseussed by Ziman (1961). i “resistivity of liquid 
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R(T) =V-3p(T). Assuming the resistivity to be proportional to the 
mean square displacement in both cases we then have: 


V8 Ap oN V232, 


V -1835(T) och®T [kM OF ; 
consequently 
App|N — ab? V? M O?p((T)/T, gcc. c oo) 


where « is some constant which should not vary greatly from one metal to 
another. 

Since we consider the main value of this formula to lie in its use for the 
estimation of relative values of App/N, the figures predicted for various 
metals have been given in the table with the value of « adjusted to give 
agreement in the case of copper. Values of p((T)/T were taken at T' — O. 

It should be emphasized that eqn. (4) would still follow if we assumed the 
resistivity to be proportional to mean square strain or even to mean 
square strain gradient, since for a given mode or form of deformation both 
of these quantities are proportional to mean square displacement. 

The experimental data show however that the ratio of ideal resistivity 
to thermal energy is roughly constant even down to quite low temperatures. 
If we interpret this to mean that over a wide range of phonon wavelengths 
the resistivity is proportional to the mean square strain (as measured by 
strain energy density) we can use this assumption to evaluate the parameter 
a. This assumption cannot of course remain true in the limit of infinite 
wavelength since a homogeneously strained crystal does not scatter. 
However, if the same proportionality between resistivity and strain energy 
is assumed for the dislocation strain field the value of « used in eqn. (4) can be 
shown to be reasonable. 

We might also tentatively conclude that since only a small fraction 
(about 4) of the dislocation strain energy resides in the core, the core does 
not contribute significantly to the dislocation resistivity. "The assumption 
behind this argument—that the resistivity is still proportional to the strain 
energy even when the atomic displacements are large (as in the core)— 
can be checked to some extent by reference to the resistivity of liquid metals. 
In an extreme model we can replace the dislocation core by a cylinder of 
liquid metal with radius proportional to 5. The contribution to the 
dislocation resistivity from such a core would then be given by: 


Apy[N — Bb?p, (T), ese) 
where f is some constant, and pr,(Tm) is the resistivity of the liquid at its 
melting point. To give some idea of the orders of magnitude involved we 
note that to explain all of the dislocation resistivity in copper the liquid 
cylinder would have to be about 6A in radius. Since the size of the region 
around a dislocation in which the distortions are as severe as those found in 
the liquid must be considerably less than this, it appears likely that the 
contribution of the core, though not negligible, is only T | 


: uns a minor part o 
the total dislocation resistivity. 5 
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Fortunately, however, our predictions for the relative values of App] N 
in different metals do not depend eritically on the relative importance of p 
core. "This has been shown by using eqn. (5) to compute values of App|N 
with the value of B adjusted to give agreement in the case of copper. V a ues 
of p, (Tm) were taken from the data given by Cusack and Enderby (1960). 
It can be seen from the table that the prediction of eqns. (4) and (5) (which 
really represent the two extreme points of view on the importance of core 
scattering) are in fair agreement with each other. "Thisis merely a reflection 
of the fact that both models were based on the idea that at high temperatures 
mean square displacement and resistivity are proportional to each other. 
In fact, assuming a constant value of p; (T'&)/p((T'm) in different metals, 
it can be seen that the equivalence of the two models is simply a conse- 

quence of Lindemann's expression for the atomic displacements at the 
melting point. 

Fair agreement seems to exist in most cases between the predictions of the 
two models and the experimental data. In some cases where accurate 
experimental figures are not available and the model suggests rather high 
values of dislocation resistivity, a crude estimate for insertion in the table 
has been obtained on the assumption that after reasonably heavy defor- 
mation, e.g. drawing, the dislocation density is similar to that which would 
occur in copper. ‘The results of Manintveld (1954) for platinum and those 
of Schultz (1959) for tungsten show, for instance, that after deformation the 
residual resistivity increase in these metals is about 4-5 and 5-5 times 
respectively greater than the comparable figure for copper. Our prelimi- 
nary measurements show that in zireonium the residual resistivity increase 
is about 50 times greater than in copper. Forlead, the theory also indicates 
a rather high dislocation resistivity (about five times greater than in copper) 

LU but no suitable experimental data have been found in this instance. It 
would evidently be desirable to obtain more reliable experimenta] figures 
in most of these cases but at present we conclude that the theory appears 


capable of explaining the relative magnitudes of dislocation r 
in all metals examined so far. 


esistivity 
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ABSTRACT 


The bright field shadow technique has been used to study the disturbance 
in the magnetic field of the objective lens of an electron microscope produced 
by a superconductor cooled in a liquid helium stage. 


$1. INTRODUCTION 


'l'HERE is now an increasing interest in electron microscope investigations 
of crystal defects, solidified gases, absorption phenomena, super- 
conductivity, etc. at very low temperatures. Many of these investigations 
require the use of object stages working below liquid nitrogen temperatures ; 
hence liquid helium cooled stages are now being developed by various 
research groups (Venables 1963, Valdré 19632). In this laboratory 
attempts are being made to study superconductivity in the electron 
microscope, both by transmission and by the bright field shadow technique. 
The purpose of the experiments described below was simply to test whether 
a superconductor could produce any observable effect at all. This paper 
describes some preliminary observations of the effect on the electron beam 
when it passes near the surface of a superconductor. 


$2. EXPERIMENTAL TECHNIQUE 


The experiments were carried out in a conventional Siemens Elmiskop I 
electron microscope operating usually at 40 kv, although for these purposes 
a simpler electron optical system would have been adequate. In the 
cooling stage used (Valdré 1963b), liquid helium from a dewar passes 
through a control valve and then through flexible tubing into the specimen 
holder. The specimen is separated from the liquid helium by 0-2 mm of 
high conductivity copper. The flexible tubing allows normal stage 
movement and tilting of the specimen by +7° about any axis. The 


specimen is firmly held in place by a serew-threaded clamping ring. 


T On leave from Istituto di Fisica, University of Bologna, Italy. 
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A thermocouple of gold-2-1 atomic per cent cobalt versus copper 
(Powell et al. 1961) was placed on the helium exit pipe a few centimetres 
from the specimen. 'The time required to reach a steady minimum 
temperature (estimated as that of liquid helium by the thermocouple) 
from room temperature was about 3min, and approximately } litre of 
liquid was consumed during a 15 min run. 

In order to study dynamical effects a cine-camera was placed outside 
the microscope to film the final viewing screen, which is held at 35° to the 
horizontal (Whelan et al. 1957). 


LENS 


OBJECTIVE 
APERTURE 


SCREEN 


Diagram shows the principle of the bright field shadow technique 


Experiments have so far been confined t "vati 
solid rings of supereonductor having a hale m md a d 
the beam, or blocks placed not directly under the beam This REI a 
allows a check to be made on the temperature in due re ms 
specimen is placed, and makes it possible to study any m eres the 
due to the superconductor. The technique used is seni ae di x E 
field shadow method (Marton and Lachenbruch 1949) of studyi : ns bright 
bution of a magnetic field by means of the electron mi lo 
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| Fig. 2 


a b c d e 


iii 


Sequence of pictures of the objective aperture shadow taken during warming 
up of a niobium ring specimen with objective lens on. Aperture diameter 50 ph. 


| a b c d e e 
! 
Sequence of pictures of the objective aperture shadow taken during warming 
up of a niobium ring specimen with objective lens on. Aperture diameter 50 p. 

| Fig. 4 
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| Similar sequence taken with lens off. Aperture diameter 501. 
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1n our ease superconductivity is detected by making use of the magnetic 
field of the objective lens, which is distorted by the presence of the super- 
conductor. This distortion is in turn revealed by observation of the 
shadow of the objective aperture. Figure 1 shows schematically the 


um. principle of the method ; in particular, magnetic rotation has been neglected. 
vr. Rays like AB travelling parallel to the optical axis of the electron microscope 
eem are focused in the lower focal plane of the objective lens and produce on 
het the final viewing screen a shadow of the objective aperture at C. Ifnow 
; the magnetic field in the region of the superconductor is distorted, different 


rays like A'B' will produce the shadow boundary of the aperture, displacing 
ee the point C to C’. An aperture or grid placed at any convenient position 
below the superconductor will show this effect. As the distortion can also 
be thought of in terms of astigmatism, superconductivity can be detected 
under normal operating conditions with a specimen or grid placed above 
the superconductor. 


$3. RESULTS 


Specimens of high-purity niobium, having a transition temperature of 
about 9?x, were cooled to liquid helium temperature while the objective 
lens was either on or off. Then, when the temperature had fallen below 
__ the transition temperature (as estimated by the thermocouple) the objective 
lens was switched off or on respectively. Since the magnetic field in the 

region of the specimen is in both cases distorted by the presence of the 
superconductor, the shadow of the objective aperture is shifted and 


aperture. ‘The jumps can be seen in ili 
RE more detail if the te 


Figures 2 and 3 are sequences of pj i 

under slightly different NI d. den ss E E AS 
the warming up of a niobium ring specimen which h. doo ue during 
below the superconducting transition temperature xh n m poled P. 
Figure 4 is a similar sequence with the lens off eus E 
with the lens on. The exposure time o each piot 

Experiments performed with lead rings, having tr; 

of approximately 7?K showed similar effec Y 
point on the fluorescent screen, and the phe 
for t lination of the screen, 
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charging-up of a contamination layer. The effect attributed to con- 
tamination is restricted to temperatures below that of liquid nitrogen, 
and is therefore probably due to residual gases solidifying on cooled parts 
of the apparatus, and occurs under conditions of poor vacuum or after 
prolonged observations. Further evidence supporting this suggestion 
is the increase in pressure in the specimen chamber during the warming 
up, which occurs at approximately the same time as a decrease in the 
* contamination °’ distortion. 

A fuller interpretation of these results in terms of magnetic field distribu- 
tion is not yet possible, and further experiments are being conducted in 
order to achieve this. 


$4. CONCLUSIONS 


These results show that the distortions in the magnetic field produced 
by quite a small volume of superconductor give observable effects in the 
electron microscope, and suggest that it may be possible to study the 
magnetic field distribution near a superconductor either by the bright 
field shadow technique or by the related ‘Schlieren’ effect. It is also 
clear that a superconductor can be used as a convenient indicator of the 
temperature close to the electron microscope specimen, in the range 
4°K-18°K. 
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ABSTRACT 


The energy changes that occur when a polyvalent solute atom dissolves 
in a noble metal solvent are discussed; and a model of a dilute solution is 
proposed, in which it is assumed that the energy of the solute ion and the 
excess valence electrons is the same in the solvent and the pure solute. 
Because of these assumptions, the heat of solution then becomes equal to the 
difference in the work functions of the solute and solvent elements. Calcu- 
lated heats of solution agree satisfactorily with the experimental values, for 
dilute solutions, found in the literature. 


$1. INTRODUCTION 


Mopzzs of solute atoms in solid solution have been proposed by Varley 
(1954) and Friedel (1952) for concentrated and dilute solutions respectively. 
Varley's model, which assumes the valence electrons in an alloy to lie in 
two bands and that transfer of electrons from the high energy band to the 
low energy band takes place, gives reasonable agreement between the 
calculated and experimental heats of formation for many different binary 
systems. However, Friedel's model for dilute solutions, implies that a 
large d-band interaction exists between the solute and solvent atoms, and 
predicts values for the heats of solution that are generally an order of magni- 
tude too large. Consequently it is in the dilute solutions that the heats 
of solution are least easily explained. 

Heats of solution reflect the change in the binding that occurs when a 
solute atom is removed from the pure solute and put into the solvent. 
In the pure metals the binding can be considered to come from the change 
in energy of the valence electrons as the atoms are brought together. 
This phenomenon will explain qualitatively cohesion in all except the 
noble metals and the late transitional metals, such as iron and nickel, 
where the number of valence electrons are uncertain. However, in metallic 
solutions other complicating factors, such as the difference in the valency 
and size of the solute and solvent atoms, must be considered. E 

In the model proposed, which is applicable only to dilute solutions, the 
possibility of a strong d-band interaction between the solute and solvent 
ions is avoided by considering noble metal based alloys with solute atoms 


P.M. 
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which have small d-shells such as zine, cadmium and indium. In such 


systems it seems reasonable to assume that the heat of solution comes 
primarily from the change in energy of the solute valence electrons. The 
model proposed explores the consequences of the assumption thattheenergy 
of the solute ion and its excess electrons is the same in the noble metal 
solvents as in the pure solute element. The heat of solution thus comes from 
the change in energy of the final valence electron; this can be represented 
as being equivalent to the energy change that occurs when an electron is 
transferred from the Fermi level of the solute to the Fermi level of the 


solvent. 


$2. MODEL or A SOLUTE ATOM IN A NOBLE METAL SOLVENT 


The object of the model is to calculate the energy change, AH, when a 
solute atom is dissolved in a noble metal solvent. AH can be written as: 


NAHE DL, oe een) 


where L, and L, are the latent heats of evaporation of the solute atom 
from the solvent and the solute respectively. AH can also be expressed 
as the difference in energy of the solute ion and valence electrons in the 
solvent and solute; thus if the solution of a cadmium atom in a silver 
solvent is considered, 


AH=E,—E,+0,—0», Uu eI 


where E; and E, are the energies of the cadmium ion in silver and cadmium 
respectively and 6, and 6, are the energies of the cadmium valence electrons 
in silver and cadmium respectively and include electron-electron inter- 
action and ion core-electron interactions. 
In the model proposed the following assumptions are made. 
(a) The energy of the cadmium ion is the same in silver and cadmium. 
(b) The excess cadmium electron contributes the same binding energy to 
the cadmium atom in both the silver solvent and the cadmium metal, and 
the heat of solution comes from the energy change of the other electron 
This energy change is equivalent to that obtained by taking an electron 
from the Fermi level in cadmium and adding it at the Fermi level to the 
conduction band of the silver. Thus the heat of solution can be expressed 


as: 
AH —$,— 4, Lone 5 (3) 


where $, and ¢, are the energies to take an elec 
to rest in a vacuum for the pure solvent an : i i 
work functions of the s and the Eon o c 
Because these assumptions permit the heat of soluti 
in such a simple form, itis worth while examinin 
to determine the validity of the assumptions. 
the cohesive energy comes from the change 
the energy of the ion core is generally the sa 


tron from the Fermi level 


on to be expressed 
8 the experimental evidence 
In the pure metals, because 
m energy of the electrons, 
me in the metal and the free 
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atom, it is only in the noble metals that this is not so; thus E, for the 
elements with small d-shells will be the self-energy of the ion core. For 
these solute elements dissolved in the noble metal solvents, the energy 
of the ion core is only likely to change if a d-band interaction occurs 
between the solute and solvent ions. However, examination of values of the 
elastic moduli of copper and silver alloys, Hume-Rothery (1961) indicates 
that only the noble metal solute elements experience a d-band interaction 
in these solvents. This view is supported by the small sizes of AH, which 
are much smaller than would be expected if a radical change in binding had 
occurred. Unfortunately, values of AH do not vary systematically across 
the periodic table; however, if a comparison is made of the latent heats of 
vaporization of the solute from the solvent Ls and the pure solute L4, table 1, 
it shows that the latent heats of vaporization of the elements in both states 
vary ina similar manner. Values of L, and L, are shown in table 1, and 
were calculated using the expressions : 

Gaile: FUTURE A US e iecur) 


L- Lap, le Twp? 
TMPt 


DUREE uus (B 


137 


where Lype is the latent heat of vaporization of the elements at the melting 
point and was taken from Kubaschewski and Evans (1955) and Cy is the 
specific heat of the element. 


Table 1. Heats of evaporation of the pure solute elements and the solute 
atoms in solution in the noble metal solvents at 1100°c kcals/mole 


Solute atoms 


In Sn Sb 


> 
ge 
© 


-1-1-1 
PIRO 
nO I 


In table 1 the binding is large for the noble metals, small for group II 
elements and increases for the group III and IV elements. Thus it appears 
that the binding is of a similar nature in the pure solute and the noble 
metal solvents, and that any qualitative explanation of the cohesive 
energies of the pure elements may be developed to explain the heats of 
vaporization of the solute elements in the noble metal solvents. Thus the 
assumption, that the energy of the solute ion core in the solvent is the self- 
energy of the ion core and, that the heat of solution comes from the change 
in energy of the valence electrons, seems justified. 


6T2 
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Brooks (1958) has shown empirically that for all the elements in groups 
II, III, IV, and V the contribution to the binding energy per electron is 
approximately constant irrespective of structure or valency. When 
a polyvalent solute atom is dissolved in a monovalent metal the Z-1 
excess valence electrons are not spread evenly throughout the metal, but 
will be concentrated around the solute ion core to shield the excess charge 
on the nucleus. Thus to maintain electrical neutrality in the solution on 
an average Z electrons will be present in the solute atom cell, producing 
an electron density in the solute cell the same as that existing in the pure 
solute. Z-1 of these electrons will, in the solvent, move in a potential 
field, based on the solute ion core, that will be similar to that in which they 
moved in the pure solute. Consequently it will be assumed that these 
electrons make the same contribution to the binding energy that they do 
in the pure solute. The other electron will move in a potential field, at the 
edge of the solute atom cell, that is perturbed from that existing in the pure 
solute by the presence of the surrounding solventions. This electron can be 
considered as being added to the conduction band of the solvent. If it is 
assumed that the energy spectrum of the solvent valence electrons is 
unaltered by the addition of a small concentration of solute atoms, the 
solvent energy band must be used in describing the energy of this electron. 
Therefore the energy change of the electron is effectively that obtained 
by taking an electron from the Fermi level of the conduction band of the 
solute and putting it at the Fermi level into the conduction band in the 
solvent, i.e. ¢;— 9s. 

This simplification is only valid at infinite dilutions, when one solute 
atom is dissolved in a mass of the solvent. When many solute atoms 
ae oe in tbe solvent, the change in the average energy of the electrons 
fee D ; > x m rd concentrations other complicating 

D ener p 
electrons, must be TT RD. pea cou 
lif D heats of solution, caleulated from the 
: ctions of the solvent 
with the experimental values, table 9, 
the first six columns an encouraging cor 
magnitude and sign of AH. 


and the solute elements, 
shows that for those elements in 
relation exists with regard to both 


§ 3. CALCULATION OF THE EXPERIMENTAL AND THEORETICAL 


VALUES OF AH 

The calculated values of AH were obtained from th. 
functions of the solute and the solvent atoms whi 
(1955) except for that for indium which is 
(1960). 

Two sets of experimental values of AH are shown in table 9 
values AH,, the experimental values of the heats of solution i f 
Sn and Sb solute atoms were taken from Kleppa (1956) s 


e difference in the work 
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other solute elements were taken from Kubaschewski and Catterall (1956) 
and adjusted to infinite dilution using the expression : 


AH,- (1 — cf AH, Ea. 9 


where AH, is the heat of solution at concentration c and AH is the heat of 
solution at infinite dilution. 

As this model has ignored the effects due to the size difference between the 
solute and solvent elements and as some of the experimental results were 
obtained on solid solutions, an estimate of the strain energy associated with 
the solute atom has been made and added to AH, to produce AH,. This 
has been done by assuming that the strain energy in the liquid is low, and 
calculating the energy to transfer a solute atom from the solid to the liquid 
solvent. 'This term is small and was calculated from the distribution 
coefficient of the solute between the solid and liquid solvent, using the 
expression, from Zener (1946) : 


cj [cf - exp [— Aut] RT ], EC m 


where c;^ and cj? are the concentrations of the solute in the liquid and solid 
solvent and were obtained from Hansen (1958), and Apt is the free energy 
to transfer a solute atom from the solid to the liquid solvent. Values of 
Apt are shown in table 3; the assumption, that these are identical with the 
strain energy, introduces an error due to the difference in the vibrational 
entropies of the solute atom in the solid and liquid solvents, however 
this should be small. 


Table 3 


Solvent Apt kcals/mole 
Solute atoms 


Zn Ag Cd In Sn Sb 


Cu US -23 | —5-7 | —57 Ses 
is -05| -1-2 —23 | _9.9 | 18 
u —1-6 —]1:5 —]1:3 —4-6 L5 


$4. DISCUSSION 
The results in table 2 can be considered 
1) The Zn, C 
c M ^ e 7 : These are the elements 
‘ -shells for which the model would be expected 
Agreement between the experimental and calcul RM ok 


in three sections. 
In, Sn and Sb solute atoms. 


found to be good. However, in those systems for wah ae of es 
results were obtained on the solid alloys the agreement i experimental 
including the estimate of the strain energy. Thus e Improved by 
be possible to deal with these two effects separately ing that it may 
(2) The Au, Ag and Cu solute atoms, A large d band interacti i 
between these solute atoms and the solvents. Consequently Eee gd 
emen 
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between the calculated and experimental values of the heats of solution 
cannot be expected. In fact it is found to be poor. 

(3) The Tl and Pb solute elements. In this group a large size difference 
exists between these solute atoms and the solvents which could give rise 
to a large misfit energy in the liquid. Also the measurements on the gold 
based alloys were made at such high concentrations, 18% Tl and 21% Pb, 
that extrapolation to infinite dilution becomes uncertain. Both these 
factors could contribute to the large discrepancy that occurs between the 
calculated and the experimental values of the heats of solution. 

On comparing the proposed model of a solute atom in dilute solution 
with those of Friedel and Varley, it appears that Friedel’s model seems to be 
the least satisfactory in that the basic assumption, that there is a strong 
d-band interaction between the polyvalent solution ions and the noble 
metal solvents, is obviously not valid. Wigner and Seitz (1955) pointed 
out that the sum of the latent heats of vaporization and the ionization 
potentials are the same for many elements, and it is interesting to note that, 
Friedel’s model is most unsatisfactory for those elements for which this rule 
is not valid. 

A similarity exists between Varley’s model for concentrated solutions 
and the present model for dilute solutions, in that they are both two band 
models of solid solutions. However, Varley implies that in the concentra- 
ted solutions the change in energy of the valence electrons must make a 
negative contribution to the heat of solution, whereas the model proposed 
in this paper permits a negative or positive heat of solution depending 
upon the relative values of the work functions of the solute and solvent 
metals. 


$5. CONCLUSION 
The agreement obtained between the calculated and the experimental 
values of the heats of solution suggests that, for the polyvalent solute 
atoms, it is the change in energy of the valence electrons that is of primary 
importance in determining the magnitude of the heats of solution in the 
noble metal solvents. For dilute solutions it appears that this change in 


energy is equal to the difference in the work functions of the solute and 
solvent elements. 
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ABSTRACT 


A method for growing single crystals of a copper—13-5 at. % germanium 
alloy and having approximately the ideal axial ratio is described. The only 
tensile deformation modes found were basal slip, and (1011) twinning and 
cleavage. Basal slip occurred with pronounced yield drops at temperatures 
below 450°c and marked jerky flow was found in the temperature range 
170-450°c. No Lüders band was observed ; basal slip below 450°c occurred 
in very narrow zones with very high shear strains. The yield phenomena 
are inferred to be due to a dislocation unlocking process rather than a 
multiplication process. 


$1. INTRODUCTION 

Tue ¢ phases of the alloys of the noble metals copper, silver and gold 
are solid solutions with the hexagonal close-packed structure (h.c.p.). 
As a rule they follow the primary solid solutions (« phases) in the phase 
diagrams, and they are stable over a fairly wide range of compositions 
within limits of the electron/atom (e/a) ratio 1-32-1-83 and axial ratios 
(c/a) varying between the limits of 1-58-1-65 (Massalski and King 1961). 
Of the 19 ¢ phase fields recently investigated by x-rays by Massalski 
and King (1961), six were found to include an axial ratio equal to the 
ideal value for the close packing of spheres, i.e. 1-633, at room temperature. 
No metallic element with an h.c.p. structure has this property. 

The only work which has been reported on the tensile properties of 
¢ phases is that by Mote e al. (1961), who examined the temperature 
dependence of the yield strength for basal and prismatic slip in a 
silver-33 at. % aluminium alloy. At room temperature the critical 
resolved shear stresses for prismatic and basal slip were approximately 
16 and 6 Kg/mm? respectively, but for temperatures above ~ 250°c 
the critical resolved shear stress for prismatie slip decreased considerably, 
becoming less than that for basal slip. Basal slip was associated with 
very high Lüders strain. Twinning on a {1012} composition plane 
was also noted. 

The present paper summarizes the results of a preliminary study of 
the mechanical properties of a & phase alloy in the copper-germanium 
system containing approximately 13-5 at. % germanium and having the 
ideal axial ratio. Work is in progress on the temperature dependence of 
the flow stress and its variation with composition. 
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$2. EXPERIMENTAL TECHNIQUES 
2.1. The Preparation of Single Crystals of & Copper-Germanium 


One of the important features of this investigation was the development 

of a technique for growing single crystals of £ phases of a reasonably 
uniform composition in an alloy phase field characterized by a peritectic 
reaction and extending over a fairly wide composition range. Techniques 
have been described (Mason and Cook 1961) for growing single crystals 
from the melt of phases of a definite composition which form by peritectic 
reactions ; in such cases the very limited composition range of the 
compound-like phase ensures that little or no segregation can occur. In 
the present case, however, because of the composition changes possible, 
the peritectic reaction only intensifies the segregation difficulties which 
are always encountered when alloy single crystals are grown from the 
melt. Mote et al. (1961) overcame this problem in £ silver-aluminium by 
choosing a composition which was practically invariant ; at the peritectic 
temperature in this system the solidus and liquidus have almost the same 
solute content, and so little change in composition should occur on 
solidification. This solution was not possible in the present case. 
Because of the rather novel difficulties encountered, a fairly detailed 
description of the method used for growing single crystals is given. 

The homogeneous polycrystalline Z phase was found to be completely 
brittle and would not withstand swageing at temperatures up to 500°C, 
cold-rolling with reductions of less than 1% or simple tensile deformation. 
The upper temperature limit in swageing was limited by the scaling which 
occurred at higher temperatures and by the difficulty of maintaining 
me E M at temperature while being hot-worked. However, 
"e a wr ee Ti had failed by intergranular fracture were 
ev s e us uem that any successful study of the 
crystals. The chill cast (i.e A m ae neve Po oe angle 
e ue PN n a omogeneous) alloy could be given a 

Figure 1 shows the copper- Er un P y gold werk, 

ee ee ae pper- germanium equilibrium diagram in the 
copper-rich region. At compositions of interest in this stud in which 

the ¢ phase is stable down to room temperature, the pha a 
a peritectic reaction of the liquid ith prima: 3 pe eas b y 
i ; ats quic with primary «. This, together with 

the wide solidus/liquidus gap, resulted in failure to grow hom 
single crystals of a reasonably uniform composition ithi Seer. 
directly from the melt. (within 44%) 

Attempts to grow single crystals by the strain/anneal method als 
failed because this technique required a starting material with m 
and usually quite fine grain size. "This State could not b k | ; 
because of the brittleness of the homogeneous polycrystalline i od 
factor also prevented any critica] tensile strain from bein E ud which 

The technique adopted for growing single crystals of the £ oe one o 
homogenize dendrites produced by the fairly slow directional solidification 
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of a molten rod. These dendrites contained numerous straight, low- 
energy interfaces characteristic of a f.c.c.—h.c.p. transformation which 
tended to limit the length of the crystals produced on subsequent 
homogenization. Although crystals having orientations covering most of 
the unit stereographic triangle were produced, a preferred direction of 
growth, in which the basal plane was inclined at ~ 10° to the rod axis, 
was apparent. 


Fig. 1 
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The copper-rich portion of the copper-germanium equilibrium diagram 
(after Hansen). 


Ingots of about 100 g and approximately 11 mm diameter, containing 
13-5 at. 9 germanium, were prepared from A.S. and R.Co. 99-999% 
copper and Johnson-Matthey 'Specpure' germanium by melting in 
Vycor tubes in a helium atmosphere and chill casting. These ingots 
were cut into pieces and converted into smaller diameter rods by remelting 
these smaller portions into 2mm bore silica tube under a vacuum of 
^ 10-? mm Hg, thus producing chill cast rods, 2 mm diameter by 15 cm 
length approximately. 
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To prevent undue segregation effects the subsequent casting conditions 
for the production of the long dendrites were carefully controlled. "Thus, 
to reduce the composition changes along the rods, the converse of the 
conditions normally employed in zone refining were used, i.e. a long zone 
length, a fairly rapid transit through the hot zone and no stirring. In 
the present case dendrites were prepared by re-melting the rods in graphite- 
coated silica tubes, again in a helium atmosphere, in a vertical furnace 
controlled to +1°c and then lowering the rods at ~1cm/min into the 
cooler reaches of the furnace. Some macrosegregation was inevitably 
produced, the rods having a composition difference of ~1} at. % 
germanium between the ends, but by inverting the rods and repeating 
this re-melting process some zone levelling was accomplished, the final 
rods having a composition variation of ~} at. % germanium. 

Single crystals were grown by sealing the rods in silica quills under 
+ atm of helium and passing them through a sharp temperature gradient, 
obtained by placing a small vertical resistance furnace immediately over 
a water bath. The rods were drawn out of the water bath into the 
furnace at a rate of 3mm/hr. The furnace temperature was controlled 
to better than +1°c and was set so that the rods were heated to a few 
degrees below the melting point of the alloy. Although the yield of the 
method was not high, ~ 10% of therods being converted into single crystals, 
occasionally crystals of up to 10 cm length were grown. To ensure that 
the homogenization was complete the specimens were fu 
for one week at 700?c. Metallographie examination did not reveal any 
% phase in the crystals. Compositions were determined from lattice 
spacing measurements, using the collected X-ray data of King et al. (1963), 
and also with an x-ray microprobe analyser. 
detected. All tests reported in this paper were 
cooled from approximately 7009?c. 


rther annealed 


No microsegregation was 
performed on crystals air 


2.2. Testing Procedures 


The crystals were cut into 4 em pieces and a gauge length of ~18 mm 
was prepared by electroturning the centre section down to ~1-1 mm 
diameter. If the standard 2:1 orthophosphorie acid—water electrolyte 
was used, an insoluble deposit formed on the spec} : 
very irregular. This deposit c l wt. 9 
the resulting surface, 
merous small, shallow depressions. None 


polishing copper alloys (Jacquet 
ecause of composition variati 


lon along the 
meter was rarely uniform, but the deviations 


although bright, contained nu 


of the other electrolytes recommended for 
1956) was found suitable. B 
specimen, the gauge length dia: 
were usually less than 5%. 

The crystals were held in 
model machine. High-tem 
phere. Unless otherwise s 
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shear stress and shear strain operating. Consequently, all the tensile 
curves are plotted as nominal tensile stress versus extension. , 

Orientations were determined by the back reflection Laue method with 
an accuracy of + 1? and the slip and twinning planes by the Barrett (1955) 
two-surface technique, to € 4^. 


$3. EXPERIMENTAL RESULTS 


3.1.1. Slip 3.1. Crystallography 


Crystals having a range of orientation from x~1° to x-S0^f were 
pulled at temperatures between —196°c and 780?c. In all cases slip 
occurred only on the basal plane. "This was notably the case for crystals 
with y~1° when tested at elevated temperatures, when prismatic or 
pyramidal slip should have been favoured by crystal geometry. By 
taking a back reflection Laue pattern of a deformed crystal oriented so ^ 
that the slip direction A} was parallel to the x-ray beam, this direction ^" ^ d 
was found to be (1120) with an error of + 2°. 


3.1.2. Twinning ui 

Several crystals were produced with x-1?. These were pulled to 
fracture at temperatures between — 196?c and 400?c with little or no 
apparent deformation as shown by the chart recorder. Microscopic 
examination showed some basal slip lines extending from the fractured 
surfaces into the shoulder portion of the specimens and a few very narrow 
markings in the region of the fracture (fig. 2). These markings remained Mes 
visible after repolishing and etching and are therefore presumed to be 
twins. Figure 3 shows the poles of these markings, as determined by 
trace analysis. The accuracy of the analysis, + 4°t, was not sufficient to 
establish any systematic deviation from the (1011! pole, as Reed-Hill z 
(1960) showed for magnesium, but there does appear to be a tendency to 
cluster around (1011) rather than {3034}. 

The most favourable orientation for (1012) twinning under tensile 
deformation for this material occurs when x-75?. Crystals of this 
orientation always underwent basal slip before such a twinning mode 
could operate (fig. 7). 


3.1.3. Cleavage plane 
The fracture surfaces produced in the crystals with y~1° were sub- 
jected to trace analysis and were found to be within 6? of (1011) (fig. 3). 
3.2. T'ensile Properties 
3.2.1. Crystals oriented for basal slip (x » 5?) 


The form of the stress/elongation curve was very temperature dependent, 
the behaviour being analogous to that found in other alloy phases (Ardley 


Tx=angle between the basal plane and the tensile axis and A— minimum 
angle between [1120] axis and the tensile axis. 

i The accuracy of the trace analysis was determined by drawing the two 
great circles which just contained all the plotted points within the enclosed 
area. The poles of these great circles were 8? apart. 
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and Cottrell 1953, Ardley 1955, Wood and Westbrook 1962). The curves 
presented in this paper were derived by subtracting the elastic strain of 
the machine and grip assembly from the total strain shown on the chart. 


Fig. 2 


{1011} twin traces, basal slip and (1011) cleavage surface. x=, A231? 
x 70. ote ego 


Fig. 3 
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Because the yield drops recorded are dependent upon the response time 
of the machine rather than to any plastic relaxation process 1n the crystals, 
this portion of the curve is shown as a dotted line. 

Below ~150°c a single yield drop occurred, the lower yield point being 
approximately 709/ of the upper yield point, followed by a jerky plastie 
deformation occurring more or less at a constant stress level (fig. 4 a). 


Fig. 4 
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Fig. 5 
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Specimen A6, pulled at 30070. x11. 


Fig. 6 


Specimen A7, pulled to fractur 


e at room temperature, 
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i. The initial slip occurred in one very narrow band with shear strains of 
up to ~500%, this sudden relaxation of stress being always accompanied 
by an audible report. The metallographic appearance of such deforma- 
tion is as shown in figs. 5 and 7. Subsequent deformation continued - 
mainly in this narrow band, the regions on either side being little 5 
affected, with the result that a very thin ribbon was produced (fig. 6). 
The occurrence of an intensely deformed region was not due to geometrical 
softening (associated with lattice rotation) as it occurred in specimens 
having y< 45° as well as those having y > 45° (figs. 5and 7). In addition, 
geometrical softening is usually preceded by plastic deformation whereas 
- in the present case catastrophic slip occurred on reaching the elastic limit 
and apparently without prior plastic deformation. 


treatments (see table 1). x10. 


Y > . . 
: ihe Debaviour of a specimen extended at higher temperatures between 
50"c and 450?c approximately, and without a change in strain rate, is 


à 
Specimen A25A, pulled at room temperature with various intermediate 
f 

H . 

| shown in fig. 4 (b). Jerky flow was found again, this time however with 
| 


P.M. aie 
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very large yield drops. No apparent plastic deformation occurred prior 
to the first yield drop until temperatures of about 400°c were reached. 
As in the case of a specimen extended at lower temperatures, the deforma- 
tion was confined to only one or two slip regions. 

At temperatures above approximately 450°c the specimens deformed 
more uniformly, the load reaching a maximum value and then gradually 
decreasing (fig. 4 c). This fall is due to the change in cross-sectional area. 
No sharp yield point was found. 

The above changes in the deformation mode were accompanied by 
changes in the slip line distribution. At temperatures less than 400°c 
slip was virtually confined to the intensely deformed zone, although one 
or two individual slip lines might be found at other points on the gauge 
length (fig. 5). At temperatures between 400-450°c the slip lines tended 
to spread along the gauge length away from the prominent slip zone. 
Above 450^c slip tended to become more uniformly distributed along the 


Fig. 8 


Specimen A12, pulled at 55096, x 11, 
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gauge length (fig. 8), the size of the usual prominent slip zone decreasing 
as the test temperature increased. 


3.2.2. Crystals oriented for non-basal slip (x ~ 1°) 


Two crystals pulled at ~400°c showed only twins and some basal slip 
without any marked yield point. One crystal pulled at 7 80°c showed 
only basal slip. Although typical values of the Schmid factors] for basal, 
prismatic and the pyramidal ({10I1}{1210) and {1122 }¢1123)) slip 
systems are 0:015, 0-56, 0-51 and 0-41 respectively, thus favouring the 
non-basal modes of slip deformation, only basal slip was observed. 


Fig. 9 
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The effect of various strain-ageing heat treatments on the form of the nominal 
stress—elongation curves (for details see table 1) 


3.2.3. Strain ageing 


This effect could be produced by conventional 


an experiment are plotted in fig. 9 and listed in table 1. After Į 
load-unload-immediate-reload Sequence, the specimen was ae 
M ny s . y fy b Ove 
from the grips and the slip displacements measured. "Dosen o uer d 

segnes ents 


procedures; details of 


t The Schmid factor is sin X Cos À. 
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are also included in table 1. Figure 7 shows the specimen used as it 
appeared at the end of this experiment. 

Although the value of ~2°5 Kg/mm? for the critical resolved. shear 
stress at the first yield point is not exceptionally high when compared with 
that for other alloy single crystals, what is perhaps unique in the behaviour 
of this material is the very large yield drop together with the intense 
nature of the shear deformation in one particular region. The curves 
show apparently that the high upper yield point and large yield drop of 
the ‘as grown’ crystal are not restored, even by an anneal at a temperature 
of 0-7 Ty (where 7',~820°c, the temperature of the ¢€—«+liquid 
peritectic reaction) However, it must be emphasized that the curves 
shown in fig. 9 only depict nominal tensile stresses. Apart from the 
changes in cross-sectional area at the slip region, the stress pattern will 
have been changed considerably after the first yield due to the bending 

moment introduced by the large slip offset. In consequence, it is not 
thought possible to calculate the critical resolved shear stresses involved 
in such tensile testing sequences. 


ia 


scole 


Table 1 (see also figs. 7 and 9) 


Yield eurve Slip zone number | Slip zone ; 
(as shown in fig. 9) | (as shown in fig. 7) | offset (mm) Heat treatment 
1 } 1 017 S As grown 
\| Immediate re-test 
i I 0-19 z hr/145°c, air cooled 
1 2 0-10 Immediate re-test 
? I 0-19 3 hr/200?c, air cooled 
2 0:27 Immediate re-test; 
7 
: l 0-33 + hr/375°o, air cooled 
2 0:27 Immediate re-test 
9 1 : 
T f 5 aoe 1 + hr/500?6, air cooled 
3 On f Immediate re-test 


Measurements of the offset and th; ; 
by another sequence of strain d Ne regions produced 
the same crystal as that from which specimen A25A os e Tom 
fig. 7) showed that the initial plastic shear strain RC. Mu = 
displacement of two glide planes unit distance apart) 2m we relative 
of up to ~ 500% (table 2). The tensile curves (or tike = reach values 
shown in fig. 10. This value appeared to remain constant ene 
pulling ; when extra slip occurred in a previously operati upon further 
the thickness of the slip region increased proportionately ae ud 
: - rease 
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Table 2 (see also fig. 10) 
as Slip region Distance from slip 
Aa v region (1) (mm) 
iur) T .  Offset(mm) Width (mm) 
Number |<1120> | [0001] 
l l 0-20 0-04 m 
2 1 No change ne 
2 0:11 0-02 18 
3 1 No change < 
2 0-16 0-03 18 
4 1 No change 
2 0:20 0:035 18 
Distance from slip 
region (2) (mm) 
5f 1,2 No change — 
3 0-02 eS 0-17 
F 002 rem pel 
5 0-01 0-43 
6 1-5 No change =e 
6 0-045 Not 0-57 
7 0-01 measured 0-96 
+ Several fine slip planes, on which the offset could not be detected, had also e. 


operated. These fine slip planes were also separated by distances between 
0:02-0-06 mm. 


Fig. 10 
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The effect of intermediate anneals of 3} hour/550°e with air cooling on the form 


E of the nominal stress-elongation curves (see table 2). 
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The effect of various strain rates and deformation temperatures on the yield 

behaviour of a specimen deformed in the low-temperature range for 

jerky flow. (€=9-3 x 10-5 sect.) (a) €: (1) 100°, (2) 152°o, (3) 175?c. 

(b) 175°0 : (4) 5e, (5) 20e, (6) 2e, (7) €, (8) 0-5e. Intermediate anneal 

i hour/590*c and furnace-cool to 174°c. (c) 174°c : (9) 3e, (10) 2e, 
(11) 4e. 


shear. It was observed that, after several tests in wh 
had been produced, several addition 
offset and thickness w 


ich large slip offsets 
al slip regions appeared in which the 
ere too small to measure. 


3.2.4. Strain rate dependence of t^e yield stress 
The most disturbing consequence of the above resul 
tive data concerning dislocation-solute atom inter: 
with the available Single crystals by means of t 
utilize rapid changes in such parameters as strain y. 
This information is usually derived from numerous successive variations 
in the experimental conditions upon at a time, since the 
small changes usually involved would be masked if different specimens 
were used. In the present case the copper—germanium crystal has been 
virtually destroyed after the very first yield because of the large and 
inhomogeneous shear deformatio 2 


Rete se à 

mog l n. Nevertheless Some information of a 

qualitative nature was obtained which could be interpreted as evidence of 

a dislocation-solute atom interaction, This was done by performing a 
x I a 


few test sequences involving strain rate variations in one partieular sample 


at a time. The yield curves Obtained are shown in figs. 11-13 In 
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describing these curves, the yield behaviour will be called * single yield ’ 
if plastic flow continues more or less at the same stress as that of the 
lower yield point (fig. 4 a), ‘ jerky flow if the stress rises immediately 
after the lower yield point has been reached (fig. 4 b), and ' smooth plastic 
flow ^ if the stress rises gradually to a maximum and then falls gradually 
away (fig. 4c). In order to limit the deformation occurring in any one 
test, the load was removed shortly after the essential characteristic of 
the yield curve had been determined. Curves 2 and 3 (fig. 11) show that 
the critical temperature for the transition between single yield and jerky 
flow lies between 152°c and 175?c for a strain rate of 9:3 x 10~> sec * ( = ë). 
In order to achieve a transition from jerky flow to a single yield behaviour 
at 175?o, the strain rate must be increased from 2é to 5€ as shown by 
curves 3, 4 and 6 (fig. 11). An attempt was made to determine the 
critical strain rate at 175?c after the specimen had been annealed for 
i hour at 590*c and furnace-cooled. Curve 9 (fig. 11) taken at a strain 
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The effect of various strain rates on the yield cur i 
a » yield curve of for 
in the high-temperature range for jerky flow. eC LN 
(1) 0-4€, (2) 0-2€, (3) 0-36, (4) 0-4e. Intermediate anneal 1 hour/590°c 
and furnace-cool to 404°C. (5) 0-4e, (6) 0:3e, (7) 0-1e (8) 0-04 (9. 01 : 
(10) 0:3é, (11) 0-2e, (12) 0-1e, (13) 0-26. : tug 
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rate of 3é shows that jerky flow only starts after some deformation at 
the lower yield point has oceurred in the single yield manner. ‘The small 
size of the jerky flow irregularities is also to be noted. Curve 10, taken 
at a strain rate of 2e, shows much more pronounced jerky flow and 
curve 11, using a strain rate of 4e, shows a much reduced jerky flow but 
not a single yield behaviour as might be expected on the basis of the 
critical strain rate established previously. The reason why it is not 
possible to go through a complete cycle from single yield to jerky flow 
and back to single yield more than once is presumably the intensely 
localized nature of the previous deformation, viz. previous deformation 
inereases the subsequent critical rate necessary for the transition. Al 
of the deformation in this series of tests occurred in one slip region only. 
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the total deformation which has occurred in the specimen up to the end of 


curve 3 has made this strain rate insufficient for jerky flow in curve 4. 
In curves 5 to 13 (fig. 12) the specimen was taken through two cycles of 
tests between the two types of behaviour with varying strain rates and 
the critical strain rate for the transition is seen to lie between 0-1e and 
0-2e. The lower critical value in the second sequence of fig. 12 could be 
due to smaller deformations in each test than those which occurred in 
the first sequence. All of the deformations in both test sequences on 
this specimen also occurred in one slip region only. A feature of the 
results shown in fig. 12 is that the first yield drop (curve 1) was not 
preceded by any observable plastic flow, whereas all the subsequent yield 
drops in this series were preceded by plastic flow. 

A comparison of figs. 11 and 12 reveals an apparent discrepancy in 
the behaviour of this material. In fig. 11 after the intermediate anneal 
the value of the yield stress was restored to that of the as-grown crystal, 
whereas in fig. 12, after the anneal it is seen to be much less than that of 
the immediately previous test. 

In the temperature range over which smooth plastic flow occurs, the 
flow stress was found to be strain-rate dependent (fig. 13) an increase in 
strain rate causing an increase in the flow stress. 


$4. DISCUSSION 


Several features are of note in a comparison of the above results with 
the behaviour of the hexagonal metals and with ¢ silver-aluminium in 
particular. With regard to the latter, the most significant are the absence 
in the ¢ copper-germanium of (i) Lüders band propagation during the 
basal slip, the deformation remaining intensely localized, and (ii) prismatic 
slip. In addition, in the & copper-germanium a temperature range 
existed in which basal slip occurred by pronounced jerky flow. 

Gibbons (1952) found that nitrogen-doped cadmium during basal slip 
also showed very large yield drops and very high local strains (~ 200- 
30095). He thought, however, that this behaviour was analogous to 
Lüders band formation in steel ; the rapid recovery at room temperature 
with its consequent low-work hardening rate prevented the Lüders band 
in the cadmium from spreading along the gauge length. Because of 
the higher melting point of the € copper-germanium, this explanation 
cannot be used in the present case. It is thought that the absence of 
a Lüders band propagation in the & copper-germanium is a consequence 
of the failure of a secondary slip mechanism to operate as discussed below. 

Non-basal slip mechanisms have now been observed in all of the 
hexagonal metals; they only occur with some difficulty in zine and 
cadmium, which have axial ratios considerably greater than the ideal 
value 4/(8/3) and in magnesium, whose axial ratio is slightly less than 
the ideal value. However, Cahn et al. (1953-54) found prismatic slip in 
zine at temperatures above 300°C and Gilman (1956, 1961) apparently 
had no difficulty in demonstrating prismatic slip in both zinc and cadmium 
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crystals, although there is a possibility that pyramidal slip was observed 
rather than prismatic slip in the cadmium (Price 1961). Mote ef al. (1961) 
found that the critical resolved shear stress for this slip mechanism in 
¢ silver-aluminium was only approximately twice that for basal slip 
over a wide temperature range and became less than that for basal slip at 
temperatures above 250°c. Bell and Cahn (1957) observed (1122) (1123) 
slip in zine crystals deformed in tension provided that x was «14? 
and that the specimen geometry (gauge length 10-15 mm, diameter 
1:3 mm) prevented basal slip. Stoloff and Gensamer (1962) observed 
pyramidal slip in compressed, bent or scratched cadmium crystals, but 
not in those deformed in tension. In the case of magnesium, unless it 
is alloyed with lithium thus lowering the axial ratio, prismatic slip is 
only rarely demonstrated in single crystals at points of constraint, except 
when the temperature is lowered to less than — 196?c (Hauser et al. 1958). 
Thus, although the failure to demonstrate pyramidal slip in the present 
experiments may be ascribed to the absence of specific constraints, there 
does not seem to be any obvious reason why prismatic slip should not 
have been observed, particularly at the higher temperatures unless the 
critical resolved shear stress is just too high. Typical values of the 
Schmid factors for basal and prismatic slip are 0:015 and 0-50, for a 
crystal with y~1° and A~20°. Since for this b copper-germanium 
alloy the critical resolved shear stress for basal slip at the upper yield 
point is v2 Kg/mm? at room temperature, the critical resolved shear 
stress for prismatic slip must be > 80 Kg/mm?. 
Although the dissociation of (1123) 
into partials according to the reaction 
has been postulated for zinc (Price 1960), 
ducing a stackin ; 


consequently {1122} (1123) slip may 
: 0 see how prismatic 
of the < 1120) type. E i s S CREDE 
undergo a difficult constriction i oss-sli ie p e suse 
plane. However, while the stacking-fault energy for ome ae 

nes 


ase alloys i ties 
phase boundary, the assum yin Oys in the vicinity of the a + C/6 


nnot be made that thi i 
energy is also very low for ¢ phase alloys of e p eeu 
Unfortunately, there is as yet no published data put 


energies for these £ phase alloys. 
indicates that the stacking-fault 
germanium and silver-aluminiu 
the same 


the stacking- 
oys would be expected to & 
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similar in behaviour and magnitude. Thus in view of the facile nature 
of prismatic slip in ¢ silver-aluminium, the stacking-fault coena does 
not appear to be the controlling factor for the non-appearance of prismatic 
slip in £ copper-germanium. Mote et al. (1961) have indicated that 
prismatic slip, over a certain temperature range, is controlled by the 
nucleation and growth of kinks in dislocations lying in Peierls potential 
troughs. In the present case the Peierls stress may be too great for any 
such mechanism to operate. 

The non-observation of {1012} twinning in these tests may be due to 
the low axial ratio of the £ copper-germanium ; when this is less than 4/3, 
such twinning leads to a contraction rather than an extension and so this 
twinning mode should only be seen in compression. ‘The double-twinning 
mechanism proposed by Reed-Hill (1960) to account for the {3034} habit 
of certain twins in magnesium has been queried on theoretical grounds 
(Crocker 1962). An attempt is now being made to determine the 
components of these (1011) twins by x-ray means. 

A theory based upon the rapid multiplication of heterogeneously 
nucleated dislocations and the stress dependence of dislocation velocity 
has given a satisfactory interpretation of the yield drops in lithium 
fluoride, germanium and various b.c.c. metals (Gilman and Johnston 
1962, Hahn 1962). Pinning of the grown-in dislocations is only necessary 
for the development of a yield drop by merely preventing any appreciable 
dislocation movement until the stress has reached a value sufficiently 
high for catastrophic dislocation multiplication to occur. However, 
two features indicate that this is not the yield mechanism operating in 
the present case. Firstly, it is difficult to account for jerky flow as 
shown in fig. 4 (b) with this model. Secondly, curves 3, 5, 6, 7, etc. (fig. 12) 
show that appreciable plastie deformation can occur prior to the yield drop 
in ¢ copper-germanium. Thus the yield drops observed in this present 
case are probably due to an unpinning mechanism. 

A difficulty also arises in the choice of a model for the dislocation 
multiplication which presumably occurs during the stress relaxation of 
the yield drop. The Koehler cross-slip process assumed by Gilman and 
Johnston (1962) and Hahn (1962) implies considerable thiekening of 
the slip bands during deformation. As shown in table 2, the thickening 
of the basal slip bands in £ copper-germanium is slight in comparison 
to the increased offset involved. The inability to demonstrate prismatic 
or pyramidal slip in this material has already been discussed. Since the 
Frank-Read source does not involve cross-slip, it may therefore be 
the operative multiplication mechanism in the present case. 

The form of the tensile stress/elongation curves is indicative of a strong 
dislocation-solute atom interaction in the £ copper-germanium alloy. 
No direct evidence for any form of long-range order was found. The 
Debye-Scherrer photographs of filings annealed for two weeks at 310° 
were the same as those for filings quenched from 600?c even with the use 
of CuK , radiation, which would be expected to facilitate the detection of 
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order lines. In addition the lattice parameters calculated from both 
patterns were identical to two parts in 10000; the presence of any 
long-range order would have caused a change in the lattice spacings 
(Massalski and King 1960). Locking by the formation of Cottrell 
atmospheres is probably much more important in this case because of the 
larger difference, in the ¢ phases, of the effective atomic volumes of copper 
and germanium, about 34%, as compared to about 6% for silver and 
aluminium. Mote ef al. (1961) considered that the Fisher mechanism was 
responsible for the locking in the ¢ silver-aluminium of basal slip (and 
also of prismatic slip over a certain temperature range). In the present 
case, the yield drop during basal slip was proportionately much greater 
than that in £ silver-aluminium, and, in addition, jerky flow was observed. 
It is possible to account for these observations on the basis of a larger 
interaction energy arising from a greater difference in the effective 
atomie moduli (Fleischer 1963) between copper and germanium as 
compared to that between silver and aluminium. Price (1960) has 
shown in thin zine platelets that, when work-hardening has reached 
a sufficiently high value in a small region, due to the impeding of (1123) 
and (1120) dislocations by (1123) and (0001) loops, then deformation 
would continue on the edge of the deformed region, the macroscopic 
effect being the propagation of a Lüders band. Brindly e£ al. (1962) 
have shown that in %-copper-based alloys, Lüde 
could be distinguished from sta 
the propagation of both coarse 
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interaction, presumably short-range order or the Suzuki interaction. 
The absence of other slip mechanisms is probably due to a high IGUGFROUIOR 
energy between copper and germanium atoms. A consequence of this 
is that no Lüders band propagation is seen and thus very high shear 
strains result in narrow slip zones. 
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ABSTRACT 


It has been found that the interplanar spacings d(200) and d(220) for lead 
sulphide films, prepared on a rock salt substrate at 80°c, correspond to 
different values of a of 5-96 å and 5-92 & respectively (x-ray value 5-944). A 
corresponding discrepancy has also been found in the ratio of the spacings of 
(200) and (220) moiré fringes formed between similar films of lead sulphide 
and lead selenide. 


Electron micrographs show the presence of platelet precipitates on (100) 
planes in the sulphide films. The expected atomic displacements around such 
platelets have been caleulated and used to compute the diffraction pattern from 
such a distorted crystal. This calculation predicts an asymmetry of the same 
order as that observed experimentally. 


$1. INTRODUCTION 


Ir has been found that the spacings of moiré fringes observed from composite 
expitaxial thin films are often somewhat different from the values calculated 
from the known lattice parameters of the bulk materials (Bassett et al. 
1958, Matthews 1961). These deviations may be explained by invoking 
the presence of uniform strains in either one or both of the films. Such 
strains have been variously attributed to surface tension effects in films 
of a single material, by Halliday ef al. (1954) and more recently by Van 
der Merwe (1963) to the presence of interfacial dislocations in composite 
films. In addition, the presence of inhomogeneous strains in single films 
has been demonstrated by Rymer (1956) ibo: concluded that the individual 
erystallites in films of aluminium and gold probably contained sessile 
dislocation loops. 

In the present paper observations have been made on films of lead 
sulphide grown epitaxially on rocksalt at various temperatures. "These 
consist of careful measurements on the transmission diffraction patterns 


T Now at A.E.R.E., Harwell, 
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from such films together with observations by transmission electron 
mieroscopy of the single films and double films of lead sulphide and lead 
selenide. In the films grown at low temperatures (80°C) the results 
obtained from relative measurements indicate the presence of inhomo- 
geneous strains which are explained semi quantitatively in terms of a simple 
dislocation model. Such strains are not observed in films grown at high 
temperatures (300?c) where the results are in substantial agreement with 
those reported by Matthews (1961), who has investigated the same system 
but only at this higher temperature. We do not discuss in detail the 
quantitative effects of uniform strains in such double films since values of the 
bulk lattice parameters for such compound materials appear to depend 
somewhat on the source of the material; in particular this suggests lack of 
stoichiometry or the presence of chemical impurities. 


§ 2. EXPERIMENTAL DETAILS 


* 
ES 


Films of lead sulphide and lead selenide about 6004 in thickness were 
prepared in a vacuum of about 10mm Hg by sublimation of the zone- 
refined lead compound from a tungsten spiral situated about 15 cm above 
freshly cleaved (100) faces of synthetic rocksalt substrates. These were 
placed on a tantalum strip heater, the temperature of which was measured 
using a Pt-Pt/Rh thermocouple welded to the centre. "The temperature 
at the substrate surface was correlated with the heater temperature by 
noting the thermocouple readings corresponding to the points at which 
various bulk metals (indium, lead and tin) in good thermal contact with the 
substrate, just melted. The substrate temperatures quoted are considered 
to be accurate to within + 12°, 
tested of ho echo m a situ ot ae oe Tti and then 
mounted onto copper grids for transmissi ane E Eos 
s smission electron microscopy. Lattice 
spacings of the films were determined by comparison with a randoml 
oriented film of thallous chloride evaporated onto the stripped fil i 
room temperature (Boswell 1950). Hoe 

Double films ofthe two lead compounds wer 
manner, the second film (lead selenide) 

without the vacuum being broken, while 
temperature. 


€ prepared in a similar 
being evaporated onto the first 
the substrate was held at 8 constant 


$3. STRUCTURE oF THE Firus 
Films prepared on substrates at temperatures 


to 300*c) were oriented parallel to the rocksalt. T que 

i £ 5 rans D 5 
patterns from both materials showed arced Spots AE d 
misorientations of up to 2°, while the radial width of t gor 


ntati ; he s indi 

crystallite size of about 400 å ; somewhat sharper Spots eee pe ; 

films prepreard at temperatures above 809g. Lattice SM Ws 
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= determined for both lead sulphide and lead selenide films prepared at 
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oride (Boswell 1950). Microphoto- 


30°C json with thallous chl 
eee eee te diffraction patterns and the value 


meter traces were made across composi : 
of (AL) was calculated from the diameter ofeach ofthe rings from the thallous 
chloride. Interpolated values of (AL) were then used to calculate the d-value 
of a pair of reflections from the lead compound such as (200) and (200) ; 
the whole procedure was repeated in an orthogonal direction to obtain 
d-values appropriate to (020) and (020) and an average value was obtained. 
Similar measurements were also made along [110] directions of the pattern. 
The results are shown in table 1. It is seen that the value of a, calculated 
from spots such as (200) for lead sulphide is significantly greater than the 
value calculated from (220) type reflections, i.e. the diffraction pattern has a 
small pin-cushion distortion. No distortion is apparent however, for the 
lead selenide films. 


Table 1. Lattice constants of PbS and PbSe deposited on to NaCl (001) 
cleavage plane at 80?c 


Values calcula- 
Material Index of spots | Measured value of zd ay teil de 
ateria Sed dp d+ 0-015 X values | moiré fringes 
(A) (see table 2) 
| (4) 
PbS (200), (020) 5:959 5-936T 5-947 (200) 
400), (040) 5:964 5:923} | 5-920 (220) 
(220), (220) 5:922 


T Values measured by Holmes (1962, private com icati 
samples used in this work. EXIMIGAGIOTU), on pone 
t Wasserstein (1951). 
§ Earley (1950). 


cm-?). There 
90; planes perpendicular to 
Ineate boundaries between 
was expected from the 
features were detectable 
ms prepared at the lower 


n length were observed on 
ast near extin 


egion on either side. The 
d tell -like rather than needle-like 
ae uride discussed briefly below. 
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Electron micrograph of lead sulphide deposited on to rocksalt at 80°c, showing 
precipitate platelets on cube planes. (Mag. x 140 000.) 


fe No such platelets were observed in films £rown at temperatures above 
150°c. The chemical nature of these precipitates is not known since they 
gave rise to no detectable diffraction pattern. "Their presence may be 
attributable to an overall lack of stoichiometry in the films since it is known 
that partial dissociation of the lead compounds occurs during evaporation 
(Porter 1961). 

Double films of lead selenide on lead sulphide prepared at substrate 
temperatures of 80°c, 228° and 278°C were then examined. The moiré 
patterns observed (fig. 2) were very complex, showing a high density of 
dislocations in the individual materials and angular i 
directions of (200) fringes up to 12° which correspon 
rotations of up to +}°. Before each film was examined, the E.M.6 


grating ( 15, 180 linefin.) on which were superposed suitably sized latex 
particles. Measured values of D(200) and D(220) fringe spacings are given 
de in table 2. While it is thought likely that errors due to calibration may be 
present in the absolute spacings quoted, the only error in the value of the 
ratio D(200)/(D(220) should be that due to the measurement of the indivi- 


dual spacings on the photographie plate; these latter errors are those 
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Fig. 2 
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(200) moiré fringes formed between lead selenide grown epitaxially on lead 
sulphide at 80°c. (Mag. x 180 000.) 


l Table 2. Moiré fringe spacings for lead selenide deposited on lead sulphide : 
| (on NaCl) at various temperatures 
Temperature (°C) Dex Depry A Doo] Dag 
80 | 10-1244 | 64-8 £ 2-1 | 1-70 0-13 
228 | 113842-0 | 74-544 | 1-53 + 0-12 
278 | 1024413 | 69-2435 | 1-48 +0-10 
3001 | 100:045:0 | 725440 1-38 + 0-15 
Values from E.D. 120-6 = : 
Measured at 80°c oe ae 
Values from x-ray 96-7 : i 
data of Holmes Me x : 
(1962, private 
communication) 


T Results obtained by Matthews (1961). 


6x2 


t. A, Iw disini ages R ea TERE NA inei eL 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


Digitized by Arya Samaj Foundation Chennai and eGangotri 


2040 A. D. Wilson et al. on 


quoted in table 2. It is seen that this ratio is significantly greater than the 
expected value of 4/2 for films prepared at 80°c, but tends to this value as 
the temperature of preparation is increased. If the films of lead selenide 
grown on the sulphide, are assumed to have the same lattice constant of 
dy = 6-116 A, as those grown on rocksalt at the same temperature, then it is 
possible to calculate the interplanar spacings d(200) and d(220) for the lead 
sulphide films from the measured moiré fringe spacings. Values of a, 
deduced from such values of D(200) and D(220) are shown in table 1 and are 
seen to agree remarkably well with the values measured directly from the 
diffraction patterns from lead sulphide, thus vindicating these measure- 
ments. It would have been preferable to compare the moiré spacings 
with measured d-values from the composite films. Such measurements 
were however, considered to be unreliable due to large overlaps in the 
intensity profiles of the individual diffraction spots from the separate 
components in the sample. The profiles were not Gaussian in shape and 
it was not possible to estimate spurious shifts in the maxima due to overlap. 
At this stage, it is worth mentioning that measurements of d-values on 
similar epitaxial films of lead telluride indicated a barrel distortion of the 
diffraction pattern although in this case the discrepancies were hardly 
significant. However, the interesting feature is that these films were also 
found to contain precipitates which were much larger than those in the lead 
sulphide films but of a much lower density ; tilting experiments enabled 
these relatively larger precipitates to be unambiguously identified as 
platelets. 
From these various observations, it was concluded that the distortion of 
the diffraction pattern arose as a result of the presence of the precipitates. 
Thus no distortion was found in lead selenide films which did not contain 


pattern to be expected from guch a film. 


$4. THEORETICAL Mopzr 


We shall calculate the diffraction pattern to b 
interior of a square-shaped region with four finite a eee 


lusi : 
arranged along the sides of the region, as shown in fig E Symmetrically 


figure are obtained by Superposition of rel 
-displacements. Thus, for inclusions of thickne 
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known dislocation results (Cottrell — 


À Rd] xz+b 
a m ieee zx — tar cmd TUR eS 
ulr, y) ED H (1 v)| tan + an. m 


—b a—b ae at+y E. a—y | 
Se —L + 5 
+ tan rey zt CENJEWCENA (x 0)? + (a — y? 


x—b a+y a-y | 
n: 9 — b)+ rer e b)? + (a — y)? 


m ME )2 + (y +b Hs + a)? AR 
(y +OK- ay? + (y —5y5.1 


A Aen 1 1 | 
2 (x 4-a)? mem (v —a)? + (y +b)? 


(y— 5) 1 1 
22 UE sano" Xa e 


where the distances a and b are defined in fig. 3, vis Poisson's ratio, which is 
taken to be 0-25 and A is the effective Burgers vector. 
v(x, y) may be deduced from the symmetry relation 


The displacement 


reso ns rl 22) 


We shall now calculate the diffraction pattern from this distorted square 
region. To do this we divide the region up into cells with sides of length 


Fig. 3 


Schematic diagram of the assumed platelet configuration 
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d such that the coordinates of the centre of a typical cell are (Id, md), where 
Land m are integers or zero. The required scattered amplitude A is given 

by: 
y A = S, ho) exp [2ri{h (l+ u(l, m)) +ho(mtv(l, m))}], . . (3) 

l,m 

where h, and h, are the x and y components respectively of the reciprocal 
lattice vector corresponding to the reflection, S is the cell structure factor, 
u(l, m) = u(x, y)/A, and v(L, m) = v(a, y)/A. The values of the parameters have 
been taken as a=10d, b=16d and A=d. The double summation in (3) 
is taken from 1,m=—15 to + 15 in unit steps; this latter range avoids the 
d singularities at the ends of the platelets. These particular values of a and 
b correspond to platelets of length 120 å situated around a square side 192 À 
(if d is associated with the size of the unit cells of lead sulphide, of approxi- 
KE mately 64). The actual length of the platelets was about 400 & with about 
the same ratio for b/a. The former values were chosen purely as a compro- 
mise to limit the numerical effort required to evaluate the double summation 
(3). However, the results arising from our choice of parameters should 
exhibit the same features as those expected from the larger values except 
for extra broadening of the diffraction maxima arising from the limited 
crystal size. | ise 
We only consider two directions in reci 
with h,=0 and (110) with hi ho~ 
(Lm) and its relation with v(L m) 


procal space; namely (100) 
h. Allowing for the symmetry in 
we may write (3) in the real forms 


15 
Ay(hy=0) = S(h,, DE +2 Y cos 2th, (l+ u(l, 0)) 
1-1 


15 15 
e +4 2 1 
D P cos 2rh (l+ u(L, m. (4) 
15 
Ay(h, — A, — h)=S(h, ZB +2) cos 4rh(l+u(l, 1) 
Ds 
15 15 
d E » cos 2mh|21 — 2m + 1+ u(l, l= 2m + 1|) 
t sgn (l— 2m + Lju(|l— 2m + 1,2] 
u i5 
+4 2 = D 
iE, I8 DI moe [E- ni cg (0 2m)u(|—2m|, n. 
= where <= (5) 
S (h, 0)=2(1+ exp (mih), 
x S(h, h)= 1-- exp (27th) + 2 exp (mih), } (6) 
are the cell structure factors for an undistorted f; 
; ace- : : 
(The scattering from the sulphur atoms is assumed Se pu 
with that from the lead atoms.) The error in not allowing F E ee 
strain in each individual cell in the expressions for § is negligible x: rm 
nee 
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the strains are small for our choice of parameters and S is a slowly varying 
function of h. Finally, we require the intensities : 
I,=|A,?/(62)*, } ea S ur N) 
T,=|As|*/(62)*, 
where the factor (62)4 has been introduced to normalize the intensities to a 
maximum value of unity. 


$5. RESULTS AND DISCUSSION 
Expressions (4) and (5) have been directly evaluated on a digital computer 
for a range of values of h and h,. The intensity profiles of the (200) and 
(220) reflections thus obtained, are shown in fig. 4. Several points emerge 
from this figure. 
(a) Both peaks are displaced outwards from their position for an 
undistorted crystal (h, =h — 2). 


(b) The displacement in the (110) direction is greater than that in the 
« 100) direction. 


Fig. 4 


w 


o a CS} 
N 
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(220) refle 
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(c) The magnitudes of the two peak intensities are very nearly equal au 
are significantly lower than the unit value appropriate to an undistorted 
finite crystal. B 

(d) The intensity profiles are not symmetrical about the peak positions 
and the width of the (200) reflection is about 50% greater than that for an 
undistorted crystal of the same size; the widths in the two directions are of 
similar magnitude since, for direct comparison, the scale for the (220) 

reflection should be multiplied by 4/2. 

In the real physical situation the diffraction pattern arises from a large 
number of such distorted domains which will have a range of sizes. This 
will lead to the elimination of the oscillatory nature of the intensity distri- 
bution away from the main peaks but should not alter the relative positions 
of these peaks. The percentage outward shift of the (200) reflection is 
0:7% and that of the (220) reflection 1-176, giving a relative percentage 
shift of a, calculated from these two peak positions of 0-49/. This relative 
shift is thus of the same order and in the same sense as the observed shift 
in the lead sulphide films. 

We will now consider the absolute shifts of the main peaks. The 
displacements (1) used in the above caleulation are those appropriate to the 
platelet arrangement shown in fig. 3embedded in a erystal unbounded in the 
x and y directions. An actual film is, however, finite and the presence of 
free surfaces will allow considerable relaxation to occur and thereby ensure 

that the mean lattice spacing a, is close to the bulk value. In our treat- 


ment the absolute shifts of the peaks (but not their relative positions) 
can be altered arbitrarily by the sup 


(Halliday et al. 1954) over the regi 


regions are small compared with the overall dimensions of the film and they 
are not arranged in any regular pattern, it i 


ge n fig. 4 is not precise. 
Exper imentally the values of dy determined from the (200) (5-96 &) and (220) 


mately symmetrically disposed with respect 
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zones have formed (Nicholson and Nutting 1958), although in this particular 
case the displacements of the aluminium matrix have opposite sign to those 
considered here and should lead to relative shifts of the diffraction maxima 
in the opposite sense. 
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ABSTRACT 


A. study has been made of the nearly isothermal and non-isothermal flow 
of liquid helium II radially over & horizontal surface at a temperature of 
1-65°x. At intermediate flow rates in the isothermal case the type of flow is 
that described by & ' hydraulic jump '. At large flow rates an edge drop is 
formed whose maximum height is given by the height above the equator section 
of a classical non-wetting static sessile drop. 


$1. INTRODUCTION 


ALTHOUGH film transfer of superfluid helium has been extensively studied 
(see the review article by Jackson and Grimes (1958)), most observations 
have been made using vertical surfaces. The behaviour of superfluid 
helium on a horizontal surface can be quite different, and it is the purpose 
of this paper to discuss some aspects of this behaviour. 
: Two problems have been studied, one deliberate in that we were 
interested in the flow of bulk liquid helium II over the vertical edge of a 
horizontal surface. This was stimulated by work on enhanced film transfer 
into vessels where the rim was close to or even below the bath surface. 
The other, following on from that, was the unexpected observation, on à 
horizontal surface, of the abrupt transition from bulk liquid flow to film 
flow where the transition appears to take the form of a hydraulic jump. 
It was reported by Allen (1961) that enhanced but still apparently 


film flow took place into a beaker not only when the rim of the beaker 
was just at the bath surface but even when the rim was held as much as 
0-6 mm below the bath surface. i 


j It had been expected that such immer- 

Poo e the ud helium to flow in uncontrollably but this was 
My not the case. It was theref i 

r m ore decided to study the phenomena 
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$2. APPARATUS 


The apparatus used to observe the flow is shown in fig. 1. The hori- 
zontal polished circular plate A of stainless steel was 2-8 cm in diameter 
and 2 mm in thickness. The plate was kept in good thermal contact with 
the helium bath B by a copper tube C soldered to it and dipping into the 
bath. A fountain pump consisting of a heater D above a superleak E 
was attached to the plate by the tube F. The current in D controlled the 
rate at which the superfluid component of He II flowed through the 
superleak and up to the plate through a central hole G, 3 mm in diameter. 


Fig. 1 


Apparatus for observation of superfluid flow Over a horizontal surf; 
surface. 
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spreading on the plate and the helium in the perspex trough or in the main 
bath B. All measurements were made at a temperature of 1-65°x. 


$3. NEARLY IsorHERMAL RADIAL FLow or Liquip HELIUM Over a 
HORIZONTAL PLATE 
With zero input to the heater D, the plate was presumably covered 
with a static film whose thickness was appropriate to its height above 
the bath level or above the level in F. With a low heat input to D, the 
level in F rose and the film on A would thicken accordingly and flow 
radially outward as indicated in fig. 2 (a). When the level in F reached 
the plate, the situation would be as indicated in fig. 2 (b) with a very thick 
film of undetermined profile covering the plate. 
Further increase of the heat input caused the liquid to form what can 
be described as a dynamic sessile drop with a sharply defined perimeter 
between it and the thick film outside it. The appearance was that shown 


Fig. 2 


= 


Cb) 


a = ee B Os ud eif liquid to the horizontal surface. 
(c) DE ble dnt ode i O highest rate for normal film flow, 
height. yeraue jump, (d) sessile edge-drop of maximum 
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schematically in fig. 2 (c). The radius of the drop depended on the rate 
at which He II was supplied to the perimeter, that is supplied through 
G and, at constant heater power, on the height of the plate above the 
bath level. The height of the drop was 0:35 + 0-05 mm and was indepen- 
dent of the drop radius so long as this was less than the plate radius. 
The transfer rate Q from unit length of perimeter of the drop was 
140 x 10-5 em? sec-! and was independent of drop size, the drop adjusting 
its size according to the total flow through G. 

We may explain the existence and stability of the dynamic sessile drop 
in the following way. We imagine that the flow in the film away from the 
perimeter of the drop comprises both the normal and superfluid component. 
In equilibrium the drop must adjust its radius so as to maintain a constant 
mass flux across unit length of its perimeter, given by 


pQ = pvd = psvsd + pnvnd, eee g(t) 


where p, ps and pn, and v, vs and vy are the total, superfluid, and normal 
densities and. velocities respectively, and d is the film thickness. 

The contribution of the normal fluid pntnd to the mass flux density 
will be small compared to the superfluid contribution both because of its 
small concentration at 1-65°K and because it experiences only a small 
driving force due to the hydrostatic pressure in the drop. If we assume 
Atkins’ (1959) relation for isothermal transfer rate as a, function of channel 
dimension, then the observed value of Q=140 x 10-5 em? sec 
ponds to a film thickness of the order of 10-^em and a film velocity 
of the order of 10 em sec. Tt may further be inferred from radial flow 
measurements by Bowers and Mendelssohn (1952), that the critical velocity 


would occur at the perimeter of the drop while further out on the plate 
the flow would be suberitical. 


Although it was im 
of the drop and in par 
merged into the film, 
and the initial slope 
hood of 7°. 

The above argument su 
the boundary and hence 
flow velocity theret. We can fin 


analysis by Meservey (1962) of h draulic i 
a ‘Gorter number’ as the ratio of X quperuid flow. He defines 


=l corres- 


possible to determine experimentally the profile 
ticular the region at the perimeter where the drop 
nevertheless the perimeter was visually very sharp 
of the drop at the perimeter was in the neighbour- 


ggests the existence of 


nity, as determi 
we may therefore assume that flow in t y CEU 


perimeter and another type of stable 


and 
the 
ace. 
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Ina hydraulic jump mass flux pQ and momentum flux $pgd* + pv?d across 


unit length of perimeter must be conserved. This, following Landau and 


Lifshitz (1959), leads to two equations which relate the velocities and film 
thicknesses on either side of the perimeter. These equations permit the 
transfer rate Q to be expressed in terms of the thickness d of the film and 
h of the drop at the discontinuity (Lamb 1932) 


Q? — Aghd(h + d). lecce e E 


Since həd, the thickness of the drop at the discontinuity becomes 
2 c (IONE G 
Ey. VEN CIR 
gd. 

Identical equations to (2) and (3) can be deduced from the two-fluid 
relationships for the same continuity conditions. 

Equation (3) yields a value of h=5 x 107? cm for our estimated value of 
d and our observed Q. "This would have been impossible to measure by 
our techniques, but it should be large enough to show up in reflected 
light at glancing incidence. The values of h, d and the critical velocity 
in the film are all consistent with the observed Q, in particular the estimate 
of d cannot be changed significantly without upsetting the other quantities 
unwarrantably. 

The observed angle of contact of 7° at the perimeter is also not inconsis- 
tent with a hydraulic jump. It is clearly not the equilibrium angle of 
contact of a sessile liquid drop on a solid substrate as defined by Neumann's 
law, nor is it the angle of contact of a droplet of liquid resting on a stable 
wetting film on a substrate predicted by Dzyaloshinskii et al. (1960, 1961) 
which would be 0:1? for a helium film of thickness 10-4 em. 


$4. Non-IsoTHERMAL Rapur Frow 


A completely different type of behaviour was observed when there 
was no thermal link C, in fig. 1, between the plate and the bath. Here it 
was found that for a certain range of rate of liquid supply to the plate 
surface waves were propagated radially outward across the plate with a 
frequency of 5 to 10 cycles sec! and velocities in the region of 10 cm sec. 
Oscillations of this kind are to be expected in adi 
(Robinson 1951, Manchester and Brown 1957 ) 
agree with those expected for any 


abatic conditions 
: ; While the wave velocities 
classical long waves in a shallow liquid. 


$5. FLOW OVER THE EDGE OF A HORIZONTAL PLATE 


When a comparatively large heat input (~15 mw) was supplied to 


rop extended to the edge of 
Further increase of heat input 
e drop to increase to a maximum 


the plate in the manner of fig. 2 (d^. 
up to 80 mw caused the height of this edg 
hm=90-67 + 0:05 mm, which is in good a 


by Allen (1961). greement with the observations 
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The problem of the edge drop can be treated classically as a consequence 
of surface tension and does not involve any superfluid properties directly. 
One can infer that the maximum height hm of the edge drop of a wetting 
liquid is given by the height above the equator of a classical non-wetting 
sessile drop, that is, hm is reached when the tangent to the edge drop at the 
edge is vertical. When this is so 

hm = (20/pg)1!?, S See eee) 


: where c is the coefficient of surface tension in the liquid-vapour interface. 
= PE Using for o the value for the surface tension of liquid helium one gets 
J u- excellent agreement with the observed Am. 

È If we look at the equilibrium conditions that hold for the maximum 
height of edge drop we see that in the first place the internal pressure due 
to the curvature of the liquid surface at the edge of the drop must not be - 


Fig. 3 


Suggested flow geometr i 
d f y for a sessile edge drop of maximum hei i 
eight. 
minimum radius of curvature of the drop in the iowa planes E 
H j 2 


greater than the hydrostatic pressure d 
| j s ue to th i Ko) 
on the plate, and in addition that curvature of the m ae ae 
sufficient to allow that surface to become vertical at or just bel : m B 
of the plate. These conditions are shown in fig. 3 Ee id ; 
f [8p steady 


SSS) state has been established the internal 
pressure at t i 
\ must be almost equal to that just below the edge E of the drop 
these by Laplace’s formula, 2 we may equate 
"^. 1 D 
o (= + =) Lg 1 Seats 
1105575 m DNE e ate eR BET (5) 


where the radii of curvature are as shown i 
s : n in fig. 3. Ttf 
peo ais of curvature nae Horzental plane ae above oe oe 
e 
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drop must be greater than r, the radius of curvature in the horizontal 
plane just below the edge of the drop. This condition can therefore be 
satisfied not by the liquid pouring uniformly over the whole perimeter 
surface, but only by it pouring preferentially down one or more narrow 
columns or rivulets whose effective radius of curvature is given by rą. 
Since this is the condition at the maximum height of drop, hm, any further 
supply of liquid to the drop will cause the columns or rivulets to adjust 
their size and number in order to cope with the increased flow. When the 
drop height is less than Am, bulk liquid will not flow freely over the peri- 
meter and the edge angle is less than 90°. 

In order to confirm that the problem is a classical one and not limited 
to liquid helium, the experiment was repeated with an edge drop of benzene 
resting on a disc of soapstone, a surface which benzene completely wets. 
The maximum drop height hm was observed to be 2-6 + 0-2 mm, which is 

‘in agreement with that determined for the surface tension and density 
(26-9 dyne em-1, and 0-88 g cm-?, respectively) of benzene via eqn. (4). 


$6. CONCLUSIONS 


In studying the radial flow of liquid helium II over a horizontal surface 
it has been found that if the conditions are non-isothermal, oscillatory 
flow with a radial wave pattern is formed. If conditions are more nearly 
isothermal then for an intermediate range of liquid supply rates dynamic 
sessile drops are formed which exhibit the characteristics of a ‘hydraulic 
jump °, while for large rates of liquid supply an edge drop is formed whose 
outermost tangent is vertical. 


ACKNOWLEDGMENTS 


The authors would like to thank Professor J. F. Allen and Dr. C. G. 
Kuper for many discussions during this work. One of us (J. A. C.) is 
indebted to the Department of Scientific and Industrial Research for a 
maintenance grant. 


REFERENCES 


ALLEN, J. F., 1961, Proc. Varenna Summer School on Liq. He. Rendiconti 
della Scuola Internationale di Fisica ‘E Fermi’, XXI Corso (Societa 
Italiana di Fisica), p. 305. x 

SS um R., 1959, Liquid Helium (Cambrid 

OWERS, R., and MENDELSSOHN, K., 1952, Proc. r 

DzvarosmrwsKn, I. E., Lirsurrz, E. N., and a Ee KOD Sov 
Phys.,J.E.T.P. 37, 161; 1961, Advanc. Phys. 10, 165. = 

Jackson, L. C., and Gemes, L. G., 1958, Advanc. Phys. T, 435 

Lamp, H., 1932, Hydrodynamics (Dover Publicat th Ed 


ge University Press), p. 198. 


I ions 6th Ed.), p. 280. 
ud ipe and Lrrsmrrz, E. N., 1959, Fluid Mechanics d e Press), 
MANCHESTER, F. D., and Brown, J. B., 1957 
Meserve, R., 1962, Phys. Rev. 127, 905. ^ IM dup dos 
Rosinson, J. E., 1951, Phys. Rev., 82, 440. 

P.M. 6 
Y 


CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 


E 
o 
D 
c 
Oo 

[o] 
o 

E] 
c 
oO 

T 
c 
c 
o 

<< 

o 
[7] 

S 

2 
Oo 

o 
[i 
r^ 
o 

Ww 

T 
£ 
Oo 

no 
oO 
ES 

Ed 
> 

a 

no} 
o 

N 

= 

o 

a 


Digitized by Arya Samaj Foundation Chennai and eGangotri 
[ 2055 ] 


"The Fermi Surface of Aluminium 


By N. W. ASHCROFT 
Cavendish Laboratory, University of Cambridge 


[Received 10 July 1963] 


ABSTRACT 


The de-Haas-van Alphen data in aluminium are compared with periods 
arising from extremal sections on & Fermi surface defined by a fourth-order 
secular equation. The Fourier coefficients V, and Vz of the weak 
pseudopotential are regarded as adjustable parameters. Several different 
models for the surface are shown to be possible depending on the values of 
Vin and Vs. These are considered systematically. An almost exact fit to 
the data is obtained with V;,,—0-0179 Ry and Vaoo= 0:0562 Ry. Tho 
resulting surface differs from the one proposed by Harrison only in the 
third zone near W, where the low-frequency data determines the topology. 
As expected the cyclotron masses are all lower than the experimental values 
by about one-third. 


$1. INTRODUCTION 


Tus increasing quantity of available de Haas-van Alphen data in metals 
has, in à large number of cases, led directly to definite proposals for the 
shapes of their Fermi surfaces. In this paper we attempt to determine 
the precise shape of the Fermi surface in aluminium metal from the known 
data. To some extent we will be following the work of Harrison (1959, 
1960) who proposed a nearly free electron form for the surface.  Harrison's 
interpretation was based on a study of the high-frequency de Haas-van 
Alphen oscillations measured by Gunnersen (1957). We extend this 
work to include a detailed analysis of the low-frequene oscillations 
ee 2 d ee) and a further discussion at new high- 
requency data (Gordon and Larson S icati i 
RU a results. CPC Oe 
In the polyvalent metals where the Fermi surface may extend through 
several zones, certain difficulties arise. Thus BETA bibe indi 
of particular sections of the data may lead to the suogesti e idel 
different structures for some regions of the Fermi pem c iod lio 
regions, however, it may be found that a free pe a RE 
at least semi-quantitatively for much of the observed ‘deta, V m 


oe A natural extension of this latter approach is to include where 
possible the effects of distortions to the surface by a weak pseudopotential 


6x2 
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(Phillips and Kleinman 1959, Cohen and Heine 1961) and to estimate 

the Fourier coefficients of this potential by direct comparison with 

experiment. Thus, on the one hand we have an empirical determination 

of parameters from the data ; on the other the fitting of parameters is 
AN closely related to an analytical expression (the secular equation) and 
; there are good theoretical reasons why the shape of the true Fermi surface 
should conform to this expression. 

In aluminium metal there is a good deal of de Haas-van Alphen data 
which has yet to be adequately explained. We attempt to remove the 
doubts in various possible explanations and to deduce a unique form 
A for the Fermi surface by fitting a fourth-order secular equation to the 
z data. The present approach is thus frankly phenomenological and is 
suggested by the promising results of the method applied to lead 
(Anderson, to be published). The emphasis is thus directed away from , 
the determination of the exact potential field from first principles (Heine 
1957, Segall 1961) as in the established band structure calculations. 


HC 


$2. THE METHOD 
From Heine (1957) we know that throughout most of the first and 
second zones in aluminium the valence wave function is well represented 
by a single orthogonalized plane wave. In the vicinity of zone faces 
(and in partieular near the corner of the zone, W ) up to four OPW's are 
needed. Formally, the elements of the secular determinant of the OPW 
method may be written as nearly free-electron terms (Phillips and 


Kleinman 1959, Austin ef al. 1962). Thus to the fourth order we ma 
write the secular equation as : d 


Td ók) Vin Vin Veo 
1 Tilk, Ey) Vao Vin 
Vin Vav T(k, &,) V et, (1) 
[s Vs Į : nam o 
u slk, &,) 
where Tilk, £,) -k2— Ope 
Tilk, &,)=(k—{2, 0, 0})2— be 
Tilk, &,)— (k— (1, 1, 1)*— &,, > ete B) 
Talk, &,) — (k—(1, 1, T})2— Ge 


In eqns. (1) and (2) we have set 2 
74, zT |a, = l ;2 [€ = 
we may also absorb a sealing factor a the ed reu the C 
iq method. n and V are the first and Second Fourier i 
the effective potential and w mn Mints of 


a study of the th symmetry 
Equations (1) and (2) 
in the diagram. 
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In setting up (1) we are assuming that the Fermi surface may be fitted 
by the two parameters Vj, and Vaw: AS pointed out by Ham the 
cancellation terms implicit in (1) will certainly be energy dependent but 
since we are dealing with a constant (Fermi) energy this dependence 
need not concern us. However, apart from the convergence errors in 
(1) introduced by truneation to order 4 there is a further approximation. 
This arises because the Fourier coefficients of the pseudopotential are 
not simply functions of the difference of reciprocal lattice vectors as with 
the uncancelled crystal potential. The correction terms are, however, 
expected to be small and will be discussed with the truneation errors 
in $5. 


Fig. 1 


z 


First Brillouin zone of the f.c.c. structure showing the principal points of high 
symmetry defining the qth symmetry section. 


Thus, we consider eqn. (1) in the following way: given a constant 
(Fermi) energy a continuous distribution of k vector solmtions are sought 
in order to map out the surface for any chosen zone. B little 
manipulation (1) can be reduced to : y 


(ToT5 — Vaso?) (T4T4 — V49) — Vi (T t T,— 2 Vno (Chee 0 Van) =O: 


; peer (e) 
As it happens it is much quicker (in machine ti à 
than the determinant (1) me ume) to solve this polynomial 


$3. STRUCTURE REGIONS - 
The form of (3) is also useful in that it 
allov ci i i ' 3 
the four levels at W. These levels all lie iex Rs p s 


f (1) for 4,. (Since the 


0:0 
13 Ry above the free electron energy at 
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W we may safely ignore the very slight energy dependence of the potential 
over the narrow energy spread of the levels.) At W the diagonal terms 
T, in (2) become equal and (3) quickly factorizes to give the levels (with 
the labelling of Bouckaert et al. 1936) : 


W, (s-like) = @y + V20 +2V in, 
Wa (p-like) = éw + Vog9— 2M 411, ee. e) 
W,( p-like, doubly degenerate)— & 4. — Vooo: j 


In (4) £w is the free electron energy at W(— 44,2). Weare now ina position 
to obtain a guide to the structure of the Fermi surface in the region near 
W. Suppose that &, is the Fermi energy appropriate to the selection 
of a pair of values for V and Fap. Let us also put 


A-ó6,— y 


Then the levels at W given by (4) are full or empty of electrons according 
to whether their energies fall below or above the Fermi energy ; i.e. 
according as 

Voot? Vu SA | 

SEO ASA i: E PEE e) 

— Va $^ J 

Inthe case of free electrons, i.e. Vin= Voq= 0, we have A= A, =0-01401 Ry. 
For non-zero values of Vm and Vj, we may set A=A,—A’ and we can 
obtain an estimate of A’ (i.e. the change in Fermi level produced by the 
perturbations) as follows : 


: W E consider a simple integration over energy of the density of states 
unetion 


any dS|V, E=, 
5 
where S is a constant energy surface. To the first approximation we 


let &, be given by a simple second order perturbation expansion in terms 


of one Fourier coefficient V j 
Íficient Ka: Constancy of the number of electrons 


per atom (assumed throughout this work to be e i 
Me ES xactly 3) gives a consequent 


A - (Ve*8659) wlog| (142)/(1—a)), 


where T= 24/( 8,4. 


Thus, for example, A'—0-260 y. 2 fo 
and A’= 0-313 1M roD pu } 


x» fora (200) plane, 
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In figure 2 these boundary curves are shown in a plot of Vso against 
Vin. (from (3) the symmetry about the Fa axis is elean) The curves 
are very nearly linear in the range of interest of Və and V414 (which may 
be easily verified from fig. 2 and eqns. (5) and (6)). 


Regions of different Fermi surface structure around W. 
to Model 1 and the point b to the values of V 
Harrison from Heine's band calculations. 


The point @ corresponds 
14 aNd V, deduced by 


Anticipating where necessary some of the numerical results, we may 


now list the main features of possible Structures of the Fermi surface 


ROS W, according to the regions of Vy, and V 3o labelled in the diagram 
g. 2). 
c 


Region A : The four levels at W are all occupied and the various zones 
are thus all full of electrons in the corner. This situation is therefore 
topologically equivalent to the free electron model shown in fi 3 (a); 
and (b), and the tetrahedral pockets of fourth zone electrons vil thus 


remain but will be considerably reduced in si 
ed in size the r E d V 
are to the boundaries of A. Él 
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Region B : One level now lies above the Fermi level but the others 
are filled at W. The structure near W is thus similar to the free electron 
scheme (see fig. 4) except that the fourth zone electrons have now disap- 
peared. (It is easy to show that Vj and Vo in region B satisfy the 
condition for fourth zone energy to be a local minimum at W so that if 
the fourth zone is empty at W it will be empty around W and thus the 


Fig. 4 


third zone 


second zone 


GD 


[100] 


(i) A (100) section through T, W, X and K of the Fermi surface for V, and 
Vo in region B (fig. 2) showing the zone boundaries. (ii) A section in 
a plane perpendicular to XW. The dashed curves represent projections 
of the third zone arms in this plane. 


Second zone 


A (100) section through T, W, X and K of the Fermi surface for V. and Vao = 
in the region C,. ae 


fourth zone electron pockets will vanish.) For values of V. and Vs 
in this region it was found possible to produce the Set structure 3 
proposed by Harrison (1960) for the Fermi surface of aluminium. 
Region C,: Here two bands are full at W with W. the lowest level. 
The third and fourth zones are empty at W and also in dc neighbourhood 
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of W. The third zone surface of B (Harrison's ‘monster’) becomes 
dismembered at W and is resolved into isolated rings of four third zone 
arms each (see fig. 5), while the fourth zone remains empty as before. 
The second zone hole sheet is closed and free-electron like. 

Region C, : Again, two bands are full at W, but W , is now the lowest 
level. The general structure for this region is similar to that found for 
Cif. The fourth zone is again empty. 


Fig. 6 


[ool] 


L 


[100] 


= 
As 


second zone second zone 


Ga Gi) 


(i) A (100) section through T, W, X and K of the Fermi surface for V,,, and 
Vaw in region D. (ii) A section in a plane perpendicular to XW of 
the second zone surfaces around W. 


Fig. 7 


third 


tirst zone 


second zone second zone 


A (100) section through T, W, X and K of the Fer 


in the region E. The first zone pocket has t mi surface for V., and Vo 


etrahedral symmetry, 


emained empty, 
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Region D : Only the first zone is full at W. The second zone surfaces 
are now extended towards the corner of the zone and connected by ‘ tubes’ 
to neighbouring second zone surfaces are pinched off (see fig. 6). The 
fourth zone is empty. 

Region E : This region lies outside the range of the diagram and occurs 
for very large values of Vin and Voo. It corresponds to the situation 
where all the bands are empty at W. Asin the previous region, the second 
zone is connected across W, the third zone arms are pinched off and the 
fourth zone is empty. The first zone, however, also has pockets of holes 
in the corner (see fig. 7). 


$4. De Haas-van ALPHEN Data AND TENTATIVE MODELS 

We give below a brief outline of the available de Haas-van Alphen 
data in aluminium. From a knowledge of the absolute magnitude of the 
periods, together with their variation with rotation of field direction, 
we find it possible to eliminate several of the structures listed above. 

The data may be divided into three groups as follows : 

Group 1: The high field oscillations ; fast periods have been found by 
Priestley (1962) working with fields ofupto 190 kc. Two sets ofoscillations 
measured with fields in the [110] and [111] directions correspond to areas 
on the Fermi surface of about four thirds of the area of the hexagonal face 
of the Brillouin zone (see fig. 1). A further group of oscillations observed 
with fields in a [100] direction correspond to an external area of about 
three-quarters that of the square face of the Brillouin zone. 

Group 2 : Low-field high-frequency (HF) oscillations ; the periods in 
this group (first recorded by Gunnersen 1957) correspond to areas of about 
1/100th of the area of the hexagonal face. Curves of de Haas-van Alphen 
period were obtained for rotation of the field in (100), (110) and (111) 
planes. Morerecent work by Gordon and Larson (private communication) 
has augmented some of these curves and improved accuracy in the absolute 
value of the periods measured in the principal symmetry directions has 
been obtained. 

Growp 3 1 Low-field low-frequency (LE) oscillations ; these correspond 
to areas which are about a factor of 10 smaller than the group 2 areas and 
were also first observed by Gunnersen (1957). Several values of the 
period were obtained for rotation of the field in a (100) pl Rigid 
band interpretations of alloying data taken at th a ) P x t 
electron rather than hole surfaces pe eee E : 
The periods at symmetry directi were responsible for the oscillations: 
De. : y directions have been checked by Gordon and 

arson (private communication). : 

These are the data in general terms. We have a number of ‘Models’ 
of the Fermi surface corresponding to different regions of the structure 
diagram (fig. 2). We can try to fit each model qualitatively by inter- 
preting the various observed periods as arising from orbits associated 
with various cross sections of each model. We shall then try to eliminate 
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a number of these tentative interpretations and ascriptions by more 
careful analysis. However, in all cases we assume that the Bigkcdeie 
results for the [110] and [111] directions are associated with the cor- 
responding central sections of the second zone hole sheet. (This follows 
because of the remarkable agreement between the experimental values 
for the periods and the free electron predictions.) 

In the discussion of the models below, the letters in parentheses refer to 
sections in symmetry directions marked on the figures referred to. The 
capital letters refer to the structure region on fig. 2. ; 

Model 1 (fg. 5) ; Vin and Foo lyingin C}. The HF periods are associated 
with maximal free electron like orbits (f) around the central region of the 
third zone arms while the LF periods are associated with (i) thin waist 
orbits (a) and (b) on the arms near W, and (ii) small maximal orbits (c) 
arising from the neighbourhood of the join of two arms at W. The latter 
are extremal in a (100) plane through W and their planes always contain 
the line XW. 

The [100] high-field fast period arises from an extremal orbit. around 
the inside of one of the four arm rings. 

Model 2 (fig. 4) ; Vi and V 200 lying in B. The HF periods are inter- 
preted as in Model 1 and the LF periods are again to be associated in part 
with thin waist orbits (a), (b) on the arms near W. A further set of LF 
oscillations will possibly arise from orbits in the region of the join of four 
arms (c) : the planes of such orbits will contain the point W by symmetry 
and the areas concerned will be minimal in a (100) plane. In addition, 
this model predicts orbits (d) in the same region which are minima] for 
fields in a [100] direction, and whose planes (also by symmetry) contain 
the point W. 

The (100) high-field fast 
orbit around the inside of a 

Model 3 (a) (fig. 6) ; 


ut the LF periods are now associated 


secti (a), and (b), 
near W, and sections (d) around the four thin necks which are minima] in 


ning region of four arms 


Since the arms are pinched off there are no obvious extremal sections 
the right area which can give rise to the observed [100] high-field 
period. There is, however, the Possibility of a de Haas-van A h 
signal from (i) the critica] point where ( 100) sections of the tubes E th : 
second zone merge into sections of the main Second zone surface and i) 
magnetic breakthrough orbits. These will be di wu 
Model 3 (b) (fig. 6) : V3 and V 
are associated with extrema] sect 
second zone sheets. The T, i i 
third zone arm sections (c) near K, U. The aM ane ae 
connected with an extremal] zone surface lee Y 


200 in D. In this model the HE 


Section of the Second 
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j Model 4: Viu and F lying in the region A. The main features of 
E this model are described in Model 1, the additional factors being the 
E possibility of LF orbits from extremal sections of the small tetrahedral 
f 3 


pockets of electrons in the fourth zone. 

The above schemes provide, at least in principle, a number of alternative 
explanations for the origin of the observed de Haas—van Alphen oscillations 
in aluminium. We note that the nearly free model proposed by Harrison 
(1960) corresponds to values of Vin and Voo which lie in region B 
(fig. 2). We have also found that the assignment of the HF periods 
to large tetrahedral fourth zone pockets is untenable (Harrison 1959). 
4 The above proposals will be considered in detail in the light of the numerical 
= work, a description of which follows immediately. 


E REENE 


. $5. THE CALCULATIONS 


The calculations were carried out in three stages : the first stage was 
primarily concerned with obtaining a reliable numerical estimate of the 
Fermi energy appropriated to a particular selection of Vj, and Voy. 
The second stage dealt with the final choice of the values of V, and Vooo 
consistent with the three groups of de Hass-van Alphen data. "The final 
stage simply involved determining the variation of period with field 
rotation for orbits around chosen regions of the Fermi surface and the 
caleulation of selected cyclotron masses. 


5.1. Fermi Energy 


The proximity of the free electron sphere to W immediately suggests 
that any numerical work involving integrations over the Fermi surface 
would need to be exceedingly accurate. Thus, for example, errors of 
as little as 0-4% in energy can lead to a factor of 2 in the areas of the small 
waist-like sections near W (see figs. 4 and 5). 

In principle the Fermi energy (i.e. 6, appearing in (1)) is not a primary 
parameter of the caleulation ; all we are doing is finding a surface defined 
by (1) and having a volume of 3 of the first Brillouin Zone. But the 
accuracy required to determine this surface by direct numerical quad- 


rature is not easily obtainable without excessive labour and machine time. 
Thus we shall often refer to the resultin 


discrepancies in the volume enclosed b 


| _ The numerical determination of the Fermi energy is described in detail 
| in the Appendix. In the mass independent units used here this number 

nee magnitude 1-27069 (or 0-86057 Ry if we fix the energy scale by setting 
m*= 1l), for a free electron sphere containing three RO * atom. 
The accuracy of the numerical energy determination was check by 
applying the method to a free-electron surface 


i The uncertainties 
amounted to only 5% (i.e. less than 0:002 Ry for m*=1), ‘This ente 
however, too large to be tolerated in a detailed study of the group 3 
oscillations and a further refinement in the energy determination is required. 


8 errors of “energy ° when we mean 
y the complete surface. 
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Let us consider the band structure resulting from the solution of a 
fourth-order secular equation. This may be written : 


&(k) =k? + A,(k), 


where k? represents the free electron part and A,(k) the distortion or 
correction due to the introduction of three Bragg planes appropriate 
to the choice of the pth symmetry section in fig. 1. As we have already 
indicated, truncation of the secular determinant to order 4 introduces 
small convergence errors in the energy (Heine 1957). To allow for this 
we should properly write : 


&(k) =k? + A,(k) + A,(k), et tae: (m) 


where A,(k) may be taken as the correction due to higher order terms, - 
and omitted Bragg planes (for example, the 6 (11 1) planes, 5 (200) planes, 
12 (220) planes, and so on). 

The exact functional dependence of A, on wave vector is of course 
unknown at points of interest in the zone. However, we may easily 
estimate the order of magnitude of A, from second-order perturbation 
theory. It is typically ~0-02Ry. But it is not the absolute magnitude 
of A, which concerns us ; instead (since we are dealing with a constant 
energy surface) it is the variation of A, throughout the zone and this 
(by the same calculation) is only of order 0-002 Ry. In other words 
we absorb the ‘average’ part of A,, (which simply shifts the complete 
band structure up or down and so does not affect the shape of the constant 
energy surface) into the definition of the zero of energy of the band structure. 
i we should now correct the & appearing in the secular e 

ya quantity depending on the position ofk. This correction will 


ne (if any) surfaces. To allow 
ausible assumption that A, near 
W for k's confined to the Fermi 


where we use the reciprocal lattice vectors to |] 


of the determinant (1). The validity of (8) is of critical ; 

- ritical ] 
the region near W for a detailed analysis of the modes ne in 
must also be accurate near K (or U) but in this case second-order e Tt 
to the rounded free electron like surface (Harrison 1960) may be o E 


abel the rows and columns 


ns 
ed. 
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To check (8) we need only to consider the repulsive contribu 
the total potential, namely (Heine 1957) : 
EET Ex (9 
È (k E )b* aee: (9) 
e 
where big is the overlap of the plane wave 
$. (having energy eigenvalue ĝ,), i.e. 


|k-- G) with the core function 


l : , 
lae ey, |9 exp dece). 0 Er. 


Heine (1956) has given a comprehensive list of the bc from which it 
was possible to evaluate (9). On the Fermi surface near W, (S) was 
almost exactly true: the deviation amongst the V(g.g) terms was 
negligible, for example, for k vectors corresponding to the thin waist 
sections on the third zone in Model 1. This is not surprising since the 
Fermi surface comes very close to W where the four waves have the same 
energy and (8) is subsequently exact. On the Fermi surface near K 
the errors incurred in assuming (8) were estimated to give only second order 
corrections to the surface, i.e. their effects were judged to be of the same 
order as A,. The main deviation, as expected, came from the (200) 
Bragg plane, and this can easily be absorbed in a slight shift of the unimpor- 
tant fourth zone energy at K. 


$6. THE DETERMINATION OF V4 AND Vy 


Considerable restrictions on the values of Vinu and Vo) were obtained 
by using the LF experimental periods, viz. 
at [110], 39-4 x 107^ a1 
and 
at [100], 36:3 x 107 a1 


(Gunnersen 1957, Shoenberg 1963, private communication). 
The A, discussed above was estimated from the HF period at [1 10], viz 


3:50 + 0-06 x 10-7 c1 


um = Taron 1963, private communication): This was done as 
S : suppose we choose a pair of values Pira aal Vo S e 
combination. The energy, 6g, for this pair is then dis poors S a trial 
the volume calculation as outlined above. The secular = ned iom 
set up relative to the point K, and we seek third zone s m m 
wine satisfy (1) and lie in a transverse (110) plane DES of ae 
15 repeated at 10? intervals in the plane and further | ne prog inie 
interpolated numerically. Accurate quadratur is Ik — k,| values are 
the principle third zone section through K Bord aves the aaoi 
: € corresponding de 


Haas-van Alphen period m 
ay be compared wi à 
It is then an easy matter to adjust é Tell oom a perimental value. 


agree, and the shift in energy then moo consistently until the two 


g 
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The V; and Vo) energy so chosen: may, however, be completely 
inconsistent with the requirements of the LF periods and we find that 
a rather delicate balance is set up. The fact that the ratio of the LF areas 
at [110] and [100] is a little under unity gives a main factor in governing 
the range of V,,, and Vy, and consequently the selection of the final 
model. 

The results were as follows : 


Model 1 was attained for V,,, and Vsp having the values 
0:0179 Ry and 0:0562 Ry 


respectively. The energy (scaled to m*=1) was 0-85605 Ry which was 
in fact just the energy given by the volume calculation. It was not 
adjusted because the value given for the [110] HF period was 3:46 x 10-7 a~! 
compared with the experimental value of 3-50+0-06x10-7@—. Clearly, 
the energy correction in this case is fortuitously included in the error of 
the energy évo We will discuss this model further in the next section. 

Model 2 did not give a good fit to all of the data. An extensive scan of 
structure region B (see fig. 2) was carried out and although it was possible 
to fit either the [100] LF period or the [110] LF period with &, within 
the limits described above, it was not possible to fit both. In particular 
the values of Vi and Vo) suggested by Harrison (1960) gave poor 
agreement with the data ; the agreement in the neighbourhood of these 
values was improved the closer V,,, and V. 209 came to the boundary 
between B and C,. The high-field [100] orbit for Model 2 gave a period 
about 3% smaller than the experimental value for V 
the Harrison values. 

With Model 3 (a) it was possible to fit both the [110] LF and [100] LF 
periods together but not the HF [110] period (Ashcroft 1963). A self- 
consistent adjustment of Vos» Viz, and ĉr to the data resulted in a change 

red too large and must count against this 


ni and Vy near 


of about 1:5% which is conside 
model. 

The LF results for Model 3(a) have the disturbing feature that the 
lower branch of the rotation curve of de Haas-van Alphen period against 
field direction is flat at [110] (Asheroft 1963). Since the am hack of 
torque oscillations is proportional to the derivative of period Atl T a 
to field angle, it is unlikely that the orbits ((d) in fig. 6) should be b aed 
This : us variance with the experimental observations TOS 

A further difficulty arises in seekin the origi j : i 
field [100] oscillations. In the ern Hare Mod n 
have been associated with definite extremal sections. Here ud ue 
to associate the observed oscillations with the critical point on E n 
of areas of cross section of the second zone Surface near X against di ae 
along X, (fig. 8(a)). At Q there is a discontinuity in area is. ie 
a factor of about 10. This corresponds to a sudden chan e fro 2 SS 
sections of the main second zone body to (100) sections RUE is me 
connecting neighbouring surfaces. uu 
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Fig. 8 


(AU) 


AREA 


[too] 


0.14 0-12 O-1 0-08 0.06 
DISTANCE FROM X (A.U) 


(a) 


(b) 


(a) The variation of area with distance along TX of (100) sections of the second. 


zone surface near X in Model 3 (a). The dashed curve represents a 
typieal parabolic variation centred on the critical point Q. (b) Part of 
the Cornu spiral for the solid curve in 8 (a). The scale is based on 
the relative Fu 


? amplitude expected from the inner orbit on the four third 
zone arm ring. : 


6z 
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itud imated for this situation 
The de Haas-van Alphen amplitude has been estimated for this ae 
i = . . EET E - >X re 7 
and has been compared with the amplitude arising from d BE 
exhibiting a quadratic variation of area on either side of the critical y 
l i i tor i é itude is a term : 
Roughly speaking the main factor in the amplitude is a 


far, exp (iCA(k,)) 


where C is a constant depending on (among other things) the de Haas-va 2 
Alphen field. We have evaluated the amplitude for fields of 190 ka anc 


the results are shown in fig. S(b). The presence of the critical point Q 


is to make the usual Cornu's spiral (Pippard 1960) converge to a point B 

other than the ‘centre’ A (the centre being determined from a study of 

"o the outer rings). In principle a de Haas-van Alphen effect should be 

v observed from such a point since the closing vector AB is now non-zero. 

dl In fact, for the curve 8 (a) (AB) was found to be negligible in comparison 
ne 


us point Q is therefore not expected to be seen. 


with the parabolic curve having a true extremal area corresponding to 
the observed de Haas-van Alphen period. The effect from the critical 


omi. The other possibility of a breakthrough orbit (Cohen and Falicov 1961) 
>. was suggested by the observed point of contact between second and third 
bands. This point of contact is shown as P on fig. 9, and it is clear that 

breakthrough at eight such points (after the removal of the accidental 


orbits to be low. 
G experimental value. The 
result which in turn is 5% 
It must be stressed, howe 
the chances of seeing this 
We conclude that in view 
offered for the origin of the de 
Model 3 (a) must be rejected. 
Model 3 (b) was also found unacce 
the areas of the large tubes on the 
[110] directions. Hence the curves 


with principal orientations along [110] directions ( 
suggested by the experiments (Gordon and Larso 
. munication). Moreover, some of the periods fell 


degeneracy through spin orbit coupling) would yield two possible ring 
Aum orbits (inner and outer). In this scheme the electron would spend most 
of its time on third zone sections with short traverses of the small second 
zone sections of surface as shown. We expect the amplitude for these 
Only the inner orbit gave a period close to the free 
period was 4:5% smaller than the free electron 
smaller than the observed period (see table 1) 
ver, that if there are small errors in alignment 
orbit will be considerably diminished. 
of the tenuous nature of the explanations 
Haas-van Alphen oscillations in aluminium 


which is now clearly 
n 1963, private com- 


d field angle: this was due to the extremal orbits including extensive 
Mm sections of the main second zone surface. 
5. Secondly, the axes of the thin arms thought responsible for the LE 
oscillations were aligned along [110] directio 


curves were similarly incompatible with the 
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Table 1 
Direction Experiment Free electron Model 1 
[111] 1-096 + 0-009 1-091 1-090 
[110] 1-134 + 0-034 1-124 1:144 
[100]t = 2-060 1-736 
[100] 0:236 + 0-007 0-248 0-239 
[100]§ — ' 0-546 0-384 


+ Giant second zone orbit. 
i Inner third zone orbit. 
§ Outer third zone orbit. 


A (100) section for Model 3 (a) showing the possible breakthr "bi 
account for the observed high-field [100] de Haas-van Nee T 


Thirdly, the area of the extremum on the second zone surface near X 
gave periods consistently lower than the observed high-field [100] pe 4 d 
Finally, in order to obtain the thick joining whe between th : e 
zone surfaces it was necessary to take values of V... and V : ae 
that the edges of the second zone surface became exin E E ded. 


622 
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The areas of the principal [111] and [110] sections of the second zone 
surface were then in error by more than the experimental tolerance. 
Model 4 was only possible for very small values of V,,, and K 200. (See 
fig. 2). In this case the principal [110] section at K of the third zone 
arm is nearly free electron-like and consequently considerably larger 
than the observed area. Moreover, it was not found possible to fit the 
LF periods to the thin third zone areas and the fourth zone sections 
together. Although there was reasonable agreement between the observed 
high-field [100] period and the period arising from the section on the 
inside of four third zone arms, the model was ruled out by the HF and 
LF results. 


$7. Tue Fixar Moprn £ 

On the basis of the numerical results, Model 1 (V,,,=0-0179 Ry, 

V 599 = 0-0562 Ry and &,=0-85605 for m*=1) appears to offer the only 
consistent scheme for explaining the observed de Haas—van Alphen data. 
We now give a detailed account of the model, showing that there is good 
agreement between theoretical and experimental rotation curves for both 
HF and LF periods. Figure 10(a) shows a view of the surface in the 
extended zone scheme : an enlarged section of the Fermi surface through 
W in a (100) plane is shown in fig. 10(b). On fig. 10 (b) are marked the 
positions of the LF extremal orbits (a), (b) and (c) used in fitting the data. 
Further LF de Haas—van Alphen periods were determined for rotation 
of field in (100) and (110) planes. These are shown in figs. 11 (a) and 
(b). The curves arising from the orbit (c) are marked ; the others are 
a oe oe a a we (b)). e experimental points in fig. 11 (a) 
after re-examination of the oo zi id a (Shoe m on eae 
munication). The error of some pu s p dui e 
Po i some of the lower points on the figure may 

be of the order of 10% so that it is difficult to assign these points to a 
definite rotation curve. The type (c) curve is flat at [100], and the 


io i e oscillations from sections with the field near this 
crecen will be hard to observe. Fioure 1: 
Seu. observe. Figure 12 shows a [110] LF extremal 


The rate of separation of the crossing curves at [100] for both 11 

and 11 (b) is capable of direct verification. The experimental : l a 
(2/P)(aP/af)|, .. given by Shoenberg (1952) are 2.96 4 2 vu e 
(rotation in a (100) plane) and 1-52 + 0-06 x 10-2? (rotation in a 1 LE 
The corresponding values for fig. 11 (a) and (b) are 9.9 B P pano) 
1:528 x 10-2 respectively. Eee lo and 


7.1. High -[requency Oscillations 


A programme was also set up to evaluate extremal are 


í ) as of cross secti 
ion of the third zone arms for rotatio a 


ns of field in (100) 
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(a) j E 


second zone 


second zone i 


(b) 
(a) The Fermi surface of Model 1 in relation to the first and second Brillouin 
zones. (b) The detailed structure of the second and third zones shown 
by a (100) section through T, W, X and K. The positions of the 
principal LF orbits are marked. pce 
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Fig. 11 
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and (110) planes. Curves of the corresponding de Er P 
periods are shown in figs. 13 (a) and (b). We have also plotte QR : a 
the curves expected for cyliaders with axes orientated E [ 
directions. The experimental points in 13(b) are those of Gordon anc 
Larson which, to some extent, replace those of Gunnersen (whose points 


are shown in 13(a)). The curve labelled (e) in fig. 13(b) arises from 


longitudinal extremal sections of the third zone arms. - The areas tr e 
are roughly five times the area of the prineipal [110] sections at K, anc 
thus would not be observed in low-field torque experiments. (nor in 
high-field experiments since these orbits have a fairly high effective mass 
— see §8—and high curvature at the extremum). 

The agreement between experiment and theory is very close, particu- 
larly in 13(b). The section through K of the principle [110] section on 
the third zone is shown in fig. 14. The dashed curves represent the free 
electron section. 


E 


Uto] 


The [110] LF extremal section (marked (b) in fig. 10 (b)). 


7.2. High-field Results 


Extremal areas of cross section on the second zone hole sheet have 
been computed for the three principal directions [100], [110] and [111]. 
These are given in table 1 together with the free-electron results. The 
areas of the [100] orbit around the inside and outside of the four third 
zone arms are also given. The area of the inner orbit agrees closely 
with the experimental result which gives an area smaller than the free- 
electron value. This is due to the fairly sharp ‘pulling in’ effect which 
occurs when the arms divide into rings of four. 

The fact that the Harrison ‘monster’ has become dismembered offers 
now a possible explanation of why no six-sided orbit around the inside of 
à six-arm group in a (111) plane is seen. In fig. 15 the separation of the 
arms manifests itself as a gap at each of the corners W of the ring. 
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The principal third zone arm section in a (110) plane through K, U. The : 
dashed curve represents the free-electron section. CON, LL. 


Fig. 15 


c 4 
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Zz | 


. > 

A (111) section through L of the third zone surface in Model 1. 
p - 
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The outer orbit around the four-arm grouping should also be observed 
on this model in principle. There are, however, three factors which will 
reduce the de Haas-van Alphen amplitude relative to the signal from the 
inner orbit, viz. (i) the electrons in such an orbit will be travelling on 
an ‘edge’ section. The resulting high curvature (024,/dk,2) diminishes 
the expected amplitude. (ii) The effective mass for this orbit is nearly 
three times the mass for the inner orbit (see table 2). (iii) The area for 
this orbit is nearly twice the area of the inner orbit. 


Table 2 
Orbits Calculated Experiment 
LF: type a (100) 0-0605 0.0820  (Shoenberg 1952) 
type c (100) 0:0660 
HE ; (110) 0-0897 0-13 (Moore and Spong 1962 
(100) 0:1390 | 0-18 Lcd 
pU———— Á'—ÀÁ— — ————— 
High field 
x E ee E TET 
Third zone (100) 0-495 — 
(100) 1-192 — 
oon ee 
Second zone 0-902 Io Wares 106: 
(110) OO BS (Priestley 1962) 
(100) || 1-445 en 


T Inner third zone ring orbit. 
i Outer third zone ring orbit. 
$ Longitudinal third zone arm orbit 
|| Giant second zone orbit. The fioure 


The [100] “giant’ second zone orbit 
again the area involved is considerably lar 
zone orbits that are observed, and there i a of the second 


traversing orbits lying along ‘sharp edges’ 
s’. D 
arises from the presence of th Sd A further complication 
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j j resence 
between second and third bands (figs. 10 and 16). m in p. a 
of strong fields an accurately aligned specimen may be expeeue g 
: E B p 
rise to branching of the orbits in a (100) plane. 


Fig. 16 


A (100) section in Model 1 showing the orbit made possible by breakthrough 
at the points R. 


In fig. 16 a nearly circular orbit is made possible by crossing at eight 
such points R, but the amplitude from this orbit is expected to be small as 
about 90% of the trajectory lies along the sharp second zone edges. 


$8. BAND STRUCTURE aN» EFFECTIVE MASSES 
Using eqn. (2) and the values V41 and Vao for Model 1 (viz. 0-0179 Ry 
and 0:0562 Ry respectively) it is a straightforward matter to calculate 
the energy bands along the principal symmetry directions. The validity 
of this calculation must however be questioned, the reason being that 


in the pseudopotential approach the Fourier components are strongly B 
energy dependent. 


Some idea of the energy dependence of the Fourier components can 
be obtained as follows. The energy levels at W given by Heine's careful : 
band structure calculation can be fitted to the parameters Vj, and Vano 
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(Harrison 1960). The values so obtained are 0-029 Ry and 0-055 Ry which | 
are not very different from the values obtained here (although they do E 
imply a different structure). 

The first two levels at the point X are : 


and Vette oa j sz quos cess) | 

— Vao 
(relative to the free electron energy at X). Thus, comparing (10) with 
the levels given by Heine we find : | 


i (Vaoo)x = 0°0615, 

k i.e. an increase of over 10% in Vsp corresponding to a decrease in energy 
of about 20%. It is thus reasonable to suppose that the band structure 
shown in fig. (17) is valid only in a narrow region centred about the Fermi 


level. The energy scale in the diagram is not adjusted to any particular * 
mass but is left in computational units 


A? 2m 
Goo » 
The erossing second and third bands are clearly shown on the XW set 
of curves. 


Fig. 17 
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The computer was programmed for each extremal section of oe 
to evaluate a series of extremal areas corresponding to scculons (0) ae ; 
bouring energy surfaces. The gradient of the resulting OS oe 
curve was then determined at &=@, and the corresponding effective 
mass was calculated from (11). The energy shifts amounted to not 
more than 0-003Ry for the high-field orbits, 0-001 Ry for the HF orbits 
and 0-0005 Ry for the LF orbits. We have ignored the energy dependence 
of Vy, and Vaw in calculating the high-field and HF masses but the 
figures quoted for the LF masses are corrected. The results are given 
in table 2. 


$9. Discussion AND CONCLUSIONS 


We find that it is possible to interpret unambiguously the existing de 
Haas-van Alphen data for aluminium in terms of a Fermi surface similar 
in many ways to the one proposed by Harrison (1960), but having important 
topological changes in the third zone structure. Cyclotron masses 
evaluated according to the model are not severely different from free- 
electron values (where comparison is possible) but are all consistently 
low from the identifiable experimental values by 30-35%. In calculating 
these masses we have made no allowance for electron-electron and 
electron-phonon corrections ; the latter is probably not negligible (Quinn 
1960). Further, the scale of energies is arbitrary. There is no reason 
why the ‘kinetic energy’ of the ‘pseudo plane wave’ should be that of 
a free-electron wave with the same wave vector. We may therefore 
lump these corrections into a general rescaling of the energy, i.e. in (2) 
we should have written «k2, where « is to be determined. 
consistent with table 2 if we take w= 1:3. 

The presence of the 24 points of contact onto the third zone from the 
second zone surface must lead to the possibility of some curious open or 
extended orbits. The effect of breakthrough is difficult to estimate for 
an arbitrary field direction. or fields in a (100) plane, however, extended 
if not open orbits will be very probable in the present model. From 
this point of view the model is not very different in basis from the model 
proposed by Balcombe (1963) to fit the observed magneto-resistance in 
aluminium (cf.Model 3 (a)). 

The principal dimensions of Model | are supported by the results of 
the ultrasonie attenuation experiments of Kamm and Bohm (1963) 
We note that in a (100) plane through X (fig. 16) the dimension alone 
[110] is almost exactly the dimension XS found for the outer rine orbit 
formed by breakthrough at eight points. It must be pointed out, 


however, that this orbit would only exist for precise (100) alignment and 
cannot be used to explain other nei 4 
comparable magnitudes. 


It is interesting to record that the values of V ni and V 
are consistent with the data for the resist 
analysed by Ziman (1961) 


This is roughly 


ghbouring dimensions having 


209 for the model 


ance of the liquid metal as 
, and Bradley et al. (1962). 
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APPENDIX 
DETERMINATION OF 6yo1: 

The calculation of the Fermi energy went as follows : The 5th symmetry 
section of the zone (fig. 1) was divided up into 300 elemental prisms, the 
density of defining rays being higher around W than elsewhere. Each of 
the rays had a direction given by two polar angles (0;, $;) and the diagonal 
elements of (1) were given analytically in terms of these. For a particular 
selection of Viu and Vo, &, was first set at £p? the free electron value. 
Equation (2) was then solved for £(0;, ¢;) in the extended zone scheme for 
each of the 300 directions. This was done by putting k= 4/ ép? and stepping 
around this value until two values of the secular equation differing in 
sign were found. Entry into a standard inverse interpolation sub- 
routine gave the value of £(0, $;) to nine decimal places. A further x 
sub-routine checked that the root k(8; $;) so found was appropriate to 
the extended zone scheme. 

Clearly, for some directions allowance must be made for the fact that 
the Fermi surface had intersected the zone boundaries. In such cases 
the corresponding (8, 4;) was taken to be the geometrical distance 
from the zone centre to the zone face along the direction (6,, $;) concerned. 
Thus the qth symmetry section by a k(6,, ġ;) distribution which mapped 
out “in extenso' the Fermi surface for the choice of energy &,°. The 
volume enclosed by the distribution was evaluated by summing the volumes 
of the 300 elemental prisms and thus the volume enclosed by the Fermi 
ice was deduced. The last step was a Newton-Raphson variation 
9 h 1e e to give the volume appropriate to three electrons per atom 
(a totally new k(6,, $;) distribution being obtained for each 6, in the 
process). 

For values of V,,, and V. 200 less than 0-15 Ry the energy determined 
in this way (measured from the bottom of the band) esie with tl 
energy calculated from perturbation theory. i 
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CORRESPONDENCE 


On Diffraction Contrast at Particle Tracks in Crystals 


By Lewis T. CHADDERTON 
Physies and Chemistry of Solids, Cavendish Laboratory, Cambridge 


[Received 13 August 1963, and in revised form 5 October 1963] 


iw previous papers (Bowden and Chadderton 1962, Chadderton and 
Montagu-Pollock 1963) it has been shown that tracks produced by indi- 
vidual fission fragments in crystalline matter, which are observable in the 
electron microscope, fall into two broad classes. In the thinner crystals 
each track is generally revealed as a light area on a dark ground and is a line 
of enhanced electron transmission owing to the removal of some of the crystal. 
by the particle. For thicker crystals, however, the tracks are dark on a ^ 
lighter ground. 'Thisphenomenonisinterpreted as being due to a rearrange- 
ment rather than a removal of material and to a localized perturbation of 
the prevailing diffraction conditions. Recent work with lead iodide 
(Chadderton ef al. 1963) and with molybdenum disulphide has shown that 
there is a gradual transition from the former to the latter type of track as 
the thickness of the irradiated crystal is increased. Some interesting 
aspects of the dark tracks are discussed in this communication. 

It is easily demonstrated that the detailed structure of a ‘black’ track 
is very sensitive to changes in the diffraction conditions. If the crystal 
specimen is tilted different sets of atomic planes can be made to reflect 
according to the Bragg law and the image of the track can be made to 
undergo changes which are similar to those seen at dislocations (Hirsch 
et al. 1960). In particular it may be shown that a dark line in the image 
lies on one side and at some distance (approximately 100 4) from the track 
itself. If a ‘band of dark contrast’ is swept across the field of view by 
gradually tilting the crystal with respect to the electron beam then the 
sign of the operating reflection vector g can be reversed and the side of the 
track on which the dark line lies can be changed (fig. 1). 

It is clear therefore that some of the conditions which apply to the obser- 
vation of dislocations in crystals in the electron microscope may also apply 
to the observation of particle tracks, and that it is the strain field due to the 
damage, rather than the damage itself, which is responsible for the effects 
produced. Accordingly, it is a logical step to construct a model for the 
strain field around the path of a charged particle in à crystal, and to calculate 
the contrast effects by an application of the kinematical and dynamical 


P.M. 


7A 
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= ; ; theories of electron diffraction. The model which we have chosen is 
[5 i based on direct observations of the bombarded lattice (Bowden and 
b i: Chadderton 1961) and is in many respects the cylindrical equivalent of 
! Fig. 1 
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Electron micrographs showing the variation in c 


$ : GE ontrast at i 
e track in lead iodide when the crystal is tilted in the aes aoe ment 
: 2 that a No. a dark cones ' crosses the field of view Cee 
e sign oi g the line of dark cont , PUDE 
track itself. nirast appears on the opposite side of the 
e e 
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s A 5 $ Brow 963). 
the spherically symmetrical coherency strain of Ashby and md a D - 
A central cylinder of damage of radius r, is assumed to be imitate e s 
passage of the particle, though the structure of the contents of ae cy p x 
isnotdefined. Beyond the bounds of the cylinder isa strain field or : " : 
the displacements are radial. We consider a thin slice of cry shes P 
perpendicular to the track and, following a treatment of Love (1927), 


Diagrammatie representation of the model used to represent the damage 
produced by an individual charged energetic particle in a crystal lattice. 
A radial strain field surrounds a cylinder of radius rj. The contents of 
the latter are not defined. 


determine the displacements in two dimensional strain (plane) corresponding 
to the following forces which are applied near the origin : 

(a) parallel to the x-axis, — 27A at the origin and + 274 at (h, 0); 

(b) parallel to the y-axis, — 27.4 at the origin and + 24 at (0, A). 
We may pass to a limit by supposing that Ah remains constantly equal to 
+ B while h is diminished without limit. The corresponding components 


of the displacement vector at a point P distant r from the origin (fig. 2) 
are then given by: 


9 : 
(A+ 2g) Ox (logr) ule xe RENS (1 a) 


where A and u are Lamé’s coefficients. 


7^2 
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In cylindrical coordinates : 


ee P- r 
"o (A+ 2p) 1’ 
ug — 0, 

u,—0. 


This strain field is particularly suitable for our purposes since both its 
strength and nature may be adjusted by altering the magnitude and sign 
of B. If Bisnegative then our model corresponds to an excess of vacancies 
in the central cylinder and to a radial lattice collapse about the track, 
and conversely, for positive B, to an excess of interstitial atoms. It is 
therefore a simple matter to construct a line of compression or dilatation 
with cylindrical symmetry. We make B negative and choose a centre cf 
dilatation as our model. The coordinate system used is that shown in 


fig. 3. 


Coordinate system used to indicate the position of the track within the crystal. 


The reflection vi "^ g is di Sio 
m veetor g is directed along the positive direction of the 


1 "Ne y of electron diffraction due to Hirsch 
D aid a single diffract 5 á 
(Howie and Whelan 1961) is p ee neglecting absorption 


Ae ee 
= ae Al e exp (—2mi(s 2 +g. (dg o. (3) 
where A, is the amplitude of the transmi 
à nsmitted be. asd Xxx 
- distance for the reflection vector g, and s, in on í ? A > n 
d viamon from the Bragg angle (the ‘excitation error’ of the B ee 
terminology). e Bethe (1928) 
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cular to the reflecting planes will 


a nt from 
produce contrast it is sufficient to insert the correct e ated 
(24) into (3) and to introduce the negative sign. The aes 1 e i 
by a column of crystal distance x from the track then becomes: 


: +z : — |g|Bx )) 4 
" A,= FAs | exp ( — 2m (s0 Apa 2 ( ) 


—2, 


Since only displacements perpendi 


It should be noted, however, that this expression is only valid. when e. 
s,£,» 1 and that there is little justification in making attempts to nee cE 7 : 
analytical solution for A, since absorption is neglected in the oheory. : | 
Graphically constructed phase/amplitude diagrams are quite sufficient to ee 
give a qualitative picture of the contrast variations across the track and the ee a S 


? Fig. 4 


Electron micrograph showing the contrast effects around tracks due to the 


irradiation of a crystal of molybdenum disulphide with i 
ion. ¢ th a collime 
beam of fission fragments. 3 ae 
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loci of the centres of the initial and final circles are easily obtained by 
numerical computation. It may then be shown that, for a track which is 
not centrally situated (2,2:2,), the contrast is clearly asymmetric for 
| 8,65» l and that the dark line which is part of the track profile is displaced 
| to one side of the latter. One further important observation results from 
| the kinematical treatment. If the crystal is sufficiently thick an inclined 
particle track will not necessarily be revealed by a continuous line of 
dark contrast. Segments of the track which lie at different depths can give 
rise to diffracted amplitude vectors which oscillate between two extremes. 
An intermittent track results. Care must therefore be taken to avoid 
confusion between intermittent contrast effects on tracks and any super- 
imposed structure which is quite real in nature (e.g. collision events). 
The known limitations of the kinematical theory, and the complicated 
contrast effects which are observed in practice (fig. 4) on micrographs where 
y sj£, varies over a considerable range, make it essential to compute track 
: profiles for different situations on the basis of a dynamical theory. Numeri- 
i cal integrations of the dynamical equations of Howie and Whelan (1961) 
f are at present in progress and results of the calculations will be published 
j . shortly. It is already clear, however, that many of the features which are 
« r observed in practice in fission fragment irradiated erystals of molybdenum 
; i rd disulphide are essentially predicted by the dynamical theory of electron 
r diffraction contrast using the simple model of eqn. (2), and that the effective 
contents of the inner cylinder (interstitial or vacancy) may be determined 
by means of an investigation of anomalous contrast effects. The parameter 
which describes the strength of the cylinder of influence of the track is 
gBIE (A+2u). This should be compared with the factor egr? |E? for the 


spherically symmetrical coherency strain and with the quantity g.b for 
dislocations. i 
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The Damage of Crystals by Collimated Fission Fragments 
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EXAMINATION in the electron mieroscope of the damage produced by 
"uranium fission fragments in crystals is, at present, the most direct 
method of studying this damage, but the interpretation of the mechanism 
is complicated by several factors: the energy and mass of the fragments 
are uncertain, it is not known in which direction along the track the frag- 
ment is moving and (because very thin crystals are used for transmission 
microscopy) the usual length of the track within the crystal is a minute 
fraction of its maximum possible range within the solid. 

` These three factors can be modified with varying degrees of success. 
If the uranium foil (from which the fragments are emitted under neutron 
bombardment) is much less than 1 micron in thickness, the fragments will 
have an energy distribution quite sharply peaked at 67 and 98 meyv with 
corresponding masses peaked at 139 and 95 AMU (Glasstone and Sesonske 
1963). If the foil is thick, i.e. more than 2 microns, then the fragments 
have their masses still peaked at the same value but the predominant energy 
is 30 Mev or less because of self-absorption in the uranium (Redmond eft al. 
1962). The next two factors could be dealt with simultaneously if a 
collimated beam of fission fragments were used. 

In earlier experiments (see, for example, Silk and Barnes 1959) the 
uranium was usually placed in contact with the crystals so that the direction 
in which the particles entered the crystal was a random one. Very few of 
these fragments are incident within 5° of the crystal surface, so that the 
track lengths are short and are usually less than a micron. 

Design of the necessary apparatus for collimation is limited by the fact 
that the maximum space available within the reactor is in the form of atube 
6-2em long by lemindiameter. If, however, the uranium foil is separated 
from the crystals by this distance a collimation of better than 5° should be 
obtained. Since the maximum range of the fission fragments in air is 
Pe au a ng less for the lighter ones, the assembly must 
be evact . Figu shows a diagram of a completed tube ready for 
irradiation. The silica tube of external diameter 1 cm has one end sealed 
Me c Cant ANE 2 Spy resin is placed at this end. A piece of 
WES ie lica tan ae is coiled up to form a cylinder which just 

e and is held in place by the epoxy resin. The 
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electron microscope grids containing the crystals are stuck onto the inside 
of the cylinder of adhesive tape. The uranium foil is held at the other end 
of the tube by a short glass cylinder which is ‘pinched’ into position. The 
assembly is outgassed at 100°c and sealed off at a pressure below 1 micron of 
mercury. Because of the collimating effect and the consequent loss in 


flux, enriched uranium is used. 


Inner tube 


Schematie repres i imati 
schematic representation of the collimating apparatus ready for irradiation, 


mac 3 shows some preliminary results on molybdenum disulphide 
due dels are reasonably well collimated. When the particles are at 
grazing incidence to the crystals, track lengths of more than 5 microns | 
2s 1 eee ; E erystals mounted andirradiatedonthe same ore 
zr rack lengths vary consider, i 
ES lying at angles of up n 10* x up. Ee e 
Earlier experiments on uncollimated f; 
tracks in molybdenum disul phide Que um te = 
derton 1962, Izui and Fujita 1963) are either continuous m int = a 
dark lines (modified on the Bragg extinction contours), s fig aa 
rarely, the tracks consist of a line of dislocation loo 3 E y jl m 
experiments confirm the earlier observations and, in add Pu 
length of track makes it possible to observe suomi ice. = E 
high magnification, for example (see fig. 5), it will be seen th P ce E 
are often curved in a manner similar to, but on a smaller ed e 
cloud chamber photographs of fission fragment tracks (Ba do P i 
The curvature of the tracks is due to compound. s o 
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i isi i individual eollisions are 
multiple low angle collisions are responsible : the individual dn eae 
too small to register as a single event. In these low angle collisions ES 
i i i ectrons is very 
impact parameter is large and the screening effect of the electrons A 
important in deciding the frequency and angle of scatter. 


Uncollimated fission fragment tracks in molybdenum disulphide. 


Large angle scattering is observed as in the earlier experiments. Figure 
3 shows part of a long track (4-5 microns) with four large angle Een 
of A, B, Cand Din which the displaced lattice atom has received insufficient 
energy toregisteratrack. These collisions are caused by nuclear encounters 
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inwhich the screening of the electronsplaysaveryminorpart. Occasionally, 
at larger angles when the displaced atom has sufficient energy, a track is 
left by the knocked-on particle and an example of this may be seen faintly 


Fig. 3 Fig. 4 Fig. 5 


E——À 


3 Fig.3. Collimated tracks includin. 
g along track with f 
E Fig, 4 cole puo VS) large angle 
ES. ig. 4. Fission fragment track Jf with a collisi 
1 Zu es o 5 > ollision e d 
o e — Fig.5. Fission fragment track illustrating the ES ae E: 
Fig. 6. Change in character of track. Tm 
Arrows indicate direction of incident particle in figs. 3, 4. 5 and 6 
x : E CC-0. In Public Domain. Gurukul Kangri Collection, Haridwar 
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in fig. 4. The nature of the fission fragment track sometimes Piana 
throughout its length (fig. 6) when a continuous dark line becomes intermit- 
tent and then continuous again. With these very long tracks the energy 
loss from start to finish of the visible track is very considerable, and different 
energy loss mechanisms predominate along the length of the track. ; 

Further quantitative work isin progress to investigate the effect of particle 
energy and track length on the nature of the collision and of the disarray 
produced in the crystal. The collimated experiments also provide useful 
information on the nature of the damage because of the ease with which the 
Bragg extinction contours can be swept across the crystal and so provide 
different contrast conditions for similar parallel tracks. 
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Effects on Neutron Irradiation on the Yield Strength and Grain 
Size Relationship in Iron and Iron-Carbon Alloys] 


By J. G. Y. Crow and 8. B. McRICKARD 


Brookhaven National Laboratory, 
Upton, New York 


[Received 28 May 1963, and in revised form 17 August 1963] 


Ix recent years Churchman ef al. (1957) and numerous other investigators 
have used the Petch relationship (c, — o; + k,d-1/?) to summarize the results 
of their studies of the effect of irradiation on the yield stress of various 
materials. Contradictions are apparent in the reported effect of irradiation 
on the Petch parameters. It is the purpose of this note to show that the 
apparent contradictions are removed by proper attention to the test 
variables of integrated exposure and carbon concentration and to present 
other considerations which might be helpful in correlating the data. 

Hull and Mogford (1958) found that in EN-2 steels irradiated to an 
exposure of about 9x 10/8nvtl only o; was increased and k, was not 
significantly affected. In pure iron, Campbell and Harding (1960) and 
Chow et al. (1962) reported that o; was increased but k, was markedly 
decreased. Johnson (1960) found in irradiated molybdenum that k, 
was decreased and that the relationship of yield stress with grain diameter 
to the negative one-half power was no longer linear. Furthermore, 
Chow et al. (1963) reported that the grain size dependency is a function of 
exposure. For pure$ iron irradiated to a low exposure of 1 x 10" nvt, 
only o; was increased with no significant change in k whereas at an exposure 
of 2x 10'8nvt or greater the yield stress was essentially independent of 
grain size. Recently Mogford and Hull (1963) reported no effect on k 
after exposing iron to 3-2x 10" nvt. Thus, for pure iron an Slatin 


level between 3-2 x 1017 to 2 x 1018 nvt is required to affect an appreciable 


changeink,. Itis apparent that the disagreement between Investigators 
arises because of differences in the level of neutron exposure and the 
purity of the metal. 

Additional data have been obtained on the variation of the Petch 
parameters with exposure and the effect of adding carbon to pure iron 


T This work was performed under the auspices of the U.S.A.E.C. 


{ All irradiation exposures cited in this paper are i t 
e integrat i X 
energy greater than l mev. PR saloa nanitay iur 


§ Ferrovac E iron with 30 p.p.m. of carbon. 
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"These results together with some parameters extracted from previously 
published plots of yield strength and d-” are presented in the accompany- 


ing table. 


Effect of irradiation on the parameters of the Petch equation for Fe and 
FeC alloys 


Material Exposure (nvt) o; 298°K (p.s.i.) |, 298°K (c.g.s.) 
‘Pure’ iron 0 7200 3:6 x 107 
30 p.p.m. C 

pes 101? 12000 3:6 
8x 10” 27000 2-3 
2x 1018 31800 1-0 
1019 45800 0:5 
Fe-0-03 w/o C 0 7400 3:6 
2 x 1018 31400 0-9 
Fe-0-11 w/o C 0 6300 44 
2 x 1018 17000 3:9 
7x 1018 26000 2-6 
2 x 1020} 32800 2:2 


T Irradiated in MTR. All others irradiated in BGRR. 


The parameters for the pure iron were determined by plots of the yield 
strength versus d? over a range of d-!? from 4-25 to 11-2 mm? The 
parameters for the irradiated Fe-C alloys were determined by the extra- 
polation method suggested by Cottrell (1958). Our experience has shown 
reasonable agreement between parameters obtained with the two methods, 
certainly adequate for the present comparison. 

The tabulated results show that after irradiation both c; and k, are a 
function of exposure and interstitial content. The pure iron showed a 
marked drop in k,, for exposures greater than 8 x 1017 nvt and this parameter 
continues to decrease with higher exposures. The Fe-0-11C alloy requires 
a much higher exposure to decrease ky significantly and an appreciable 
dependency of yield strength on grain diameter exists even for a hich 
exposure of 2x l0?nvt. "When account is taken of the carbon content 
of their materials, the results of Hull and Mogford ( 1958) and Mogford and 
Hull (1963) are in complete accord with the present data. 

Chow et al. (1962) showed that other marked changes in mechanical 
properties occurred at the irradiation level where the k, was observed to 
decrease significantly. At an exposure of 2 1018 nvt these authors 
observed the onset of low temperature embrittlement, a transition in the 

plot of yield strength versus exposure and a change in the characteristics 
of plastic deformation. This strongly indicates that the observed decrease 


s ud is related to a change in the defect structure in the iron irradiated to 


this exposure level. 
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The results on Fe-0-11C alloy indicate that the carbon atoms are inter- 
acting with the radiation-created defects and higher exposures are required 
to produce a net concentration of defects sufficient to affect k, and o;. 
Evidence for such an interaction in irradiated Fe-0-11C alloy has been 
obtained by Wagenblast and Damask (1962) by studying the decay of the 
Snoek peak. McLennan and Hall (1963) also have observed a reduction of 
carbon in solution in iron after irradiation. Consistent with this picture, 
Chow et al. (1963) found that higher exposures were required to produce 
changes in the low temperature mechanical properties of Fe-C alloys than. 
in pure iron. 

In summary it can be stated that when all the available data on the 
effects of neutron radiation on Fe and Fe-C alloys are considered the 
following self-consistent picture emerges. Neutron irradiation results 
in changes in both Petch parameters o; and £,. Changes in o; are produced 

“at relatively low exposures whereas changes in &, are seen only at higher 
exposures. The effect of carbon is to increase the exposure level at which 
a change in k, is noted. 
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The Magnetostriction of Polycrystalline Cobalt 


By L. ALBERTS and H. L. ALBERTS 


Physics Department, University of the Orange Free State, 
ga Bloemfontein, Republic of South Africa 


[Received 13 August 1963] 


Ix his paper on the magnetostriction of polycrystalline ferromagnetic 
materials, Lee (1958) mentioned that no experimental values seem to be 
available for checking the theory in the case of cobalt. x 

" Such measurements were undertaken in this laboratory. The strain- 
gauge technique was employed on a disc-shaped specimen of well-annealed, 
specpure cobalt (obtained from Messrs. Ji ohnson—Matthey). Measurements 
with the gauge fixed in three different directions indicated that virtually 
no texture existed in the specimen. The saturation values for the longi- 
tudinal magnetostriction are roughly of the same value as those obtained 
by previous authors (Cobalt Monograph 1960). The magnetization, as a 
function of field, was determined for the same specimen. The search 
coil consisted of a few turns of very fine wire wrapped closely round the 
disc. The demagnetization factor was determined empirically by assuming 
the value of the saturation magnetization for cobalt as given by Barnier 


Reduced magnetisation 
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Experimental values of the magnetostriction of polycrystalline cobalt Brok 
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etal. (1962). The value so obtained was checked by repeating the measure- 
ments for identically shaped dises of nickel and iron. The final error in the 
value of the demagnetization factor was less than 1%. All measurements 
were taken in field strengths up to 17 000 oersted. 

The experimental values for magnetostriction versus magnetization are 
shown in the figure, together with the theoretical curve as obtained by Lee. 
It is quite clear that the main error in the theory, as also suggested 
by its author, lies in the assumption that domain boundary movements 
are completed before rotation sets in. Measurements on a single crystal of 
cobalt by Barnier e£ al. (1962) prove that rotational movements con- 
tribute to the net magnetization, even in very low fields. 

Calculation of the polycrystalline magnetostriction with a varying 
degree of mixed magnetization processes, viz. boundary and rotational 
movements, obviously involves rather formidable mathematical effort. 
An attempt at this will be published in the future. : 
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Stacking Faults in Thin Foils of Zone-melted Iron 


By T. Taxnyamay and E. J. KOEPEL 
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[Received 1 July 1963, and in revised form 2 September 1963] 


IoENT investigations by transmission electron microscopy have indicated 
the existence of stacking faults in some body-centred cubie metals and 
alloys. Fourdeux and Berghezan (1960) Nakayama ef al. (1962) and 
Fisher (1962) have reported the observation of stacking faults in thin 
films of niobium, tungsten and iron-nitrogen alloys, respectively. How- 
ever, to the knowledge of the authors, no micrographs which show the ‘ 
existence of stacking faults in iron have appeared in the literature. é 

During an electron microscope study of zone-melted iron, contrast F : 
effects were obtained that suggest the existence of stacking faults. It is yo 7 
generally considered that lowering of the stacking-fault energy and the D S 
resulting dislocation dissociation are due to impurity segregation. How- 
ever, the stacking faults noted in this study were formed in the thin foil 
under conditions which precluded extensive impurity segregation. 

Electrolytic iron, prepared by Smith et al. (1963), was further purified 
by zone melting. The iron received a maximum of 27 vertical floating 
zone passes at 1-25 cm per hour in an atmosphere of 20% hydrogen-809/, 
argon. 

Specimens for observation in the electron microscope were cold-rolled 
to thin sheets, vacuum annealed at 760°c, and then thinned electrolyti- 
cally in a 20 : 1 glacial acetic acid—perchloric acid solution using a modified 
Bollmann technique. Special care was exercised during polishing, 
washing and mounting foils in the specimen holder. All specimens were 
examined in a Philips EM—-100B electron microscope, using an accelerating 
voltage of 100 kv. 

Interference fringes of the type observed in annealed Specimens of 
zone-melted iron are shown in the photographs of fig. 1 (a), (b) and (c). 
These photographs are of the same area and show changes in appearance 
of the fringes as à result of tilting the foil with respect to the electron beam. o 
In the interest of clarity the fringe systems of fig. 1 (a), (b) and (c) have = 
been reproduced diagrammatically as fig. 2 (a), (b) and (c), respectively, 


t Present address: Metals Research Laboratory 8 y i Ü 
Hokkaido University, Sapporo, Japan. pr AMA mum 
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Fig. 1 (continued) 


d 
. Ex 
(0) ; ^ 
Sequence of micrographs showing the effect of tilting the Specimen on the 3 = - x 
fringe contrast. Ew 7 a 


The interference effects can be interpreted in terms of the electron e 
diffraction theory developed by Whelan and Hirsch (1957). cA *a 
In fig. 1 (a), at A, which is close to Bragg reflection, the subsidiary 
maxima and associated doublet structure characteristic of the dynamical = 
region of electron diffraction are clearly visible. Figure 1 (a) also shows 2 
the general effect of variation in specimen thickness, tapering of the 
fringe band and fringe contrast reversals. As the specimen is tilted and 
deviation from the Bragg angle increases (upper A of fig. 1 (b)), transition 
from the dynamical region to the kinematical region occurs, the subsidiary 
maxima begin to disappear and the minima (dark fringes) appear as 
singlets. To be noticed is the increase in fringe separation and gradual 
splitting of the fringes into doublets as the dynamical region (bottom A = 
of fig. 1 (6)) is approached, indicating a slowly changing orientation 3 
i.e. general bending of the foil. Further tilting of the foil is sufficient 
(A of fig. 1 (c)) to complete the transition to the kinematical region and 
the fringes appear as singlets. | 


An abrupt change in reflecting conditions (an increase in deviation Ka dg 

from Bragg angle) occurs at the dislocation D (fig. 1 (a), (b) and (c)). This = : 
change is attributed to local bending of the thin foil to relieve stresses : 
associated with the dislocation (Fujita and Nishiyama 1961). As the 

3 *» 

> © $9 
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i specimen is tilted, the changes in contrast at B (fig. 1 (a), (b) and (c)) 
i take place as expected until at B of fig. 1 (c), the foil is almost out of the 

i reflection position and the fringe contrast is very low. 
51 The strips of high and low fringe contrast at C of fig. 1 (a), (b) and (c) 
; are probably a result of intersections with weak bend extinction contours. 
As shown schematically in fig. 2 (a), (b) and (c), the position of the low 
contrast strip changes as the foil is tilted, presumably as the extinction 
contour lines move. This behaviour is in contrast to the case of a series 
of dissociating dislocations (Whelan ef al. 1957) where the position of the 
fringes would not be expected to change when the specimen is tilted, and 
also differs from the sharp fringe reversals that would be expected at the 
dislocation line where two stacking faults overlap, e.g. a non-coherent 
twin boundary in iron as shown by Hull (1962). 


nh € 
Fig. 2 


" 


(a) (b) 


a study of fig. 1 
change of appearance of the fringes with ce ee 


(c) 
id (c) showing the 
ng thickness and orien- 
S Increasing on going 


Schematie diagram obtained by 


tation. The deviation 


from (a) to (c). from Bragg angle i; 


The qualitative agreement betw 
t een the elect 
E Whelan and Hirsch (1957) and the fringe m 
micrographs confirms that the frin 


on diffraction theory of 


observed in the electron 
ges are due to stacking faults, 
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1 usually starts at or very near the hole in the foil. Although the faults do 
i not form during observations as do stacking faults in stainless steel 
| (Whelan et al. 1957) or in copper (Fourie and Murphy 1961), it is evident 


in this case that the fault formation is not characteristic of the bulk 
material. Asaresultofthese findings, the specimen preparation technique 
| was reviewed as a possible source of foil deformation. While deformation 
| during preparation always remains a possibility, it was found that 
| significant deformation occurs in the microscope as a result of the inter- 
action between the ferromagnetic iron and the magnetic field of the 
objective pole piece. 


eee 


q 
| 
| Typical fringe contrast of deformation twin. 
| 


The degree of bending due to the magnetic field can be estimated by 
observing the spacing and complexity of the bend extinction contours 
near the edge of the hole. In more severe cases of bending, parts of the 
foil move so far out of the plane of the specimen holder that it becomes 
impossible to focus on some regions of the foil. Occasionally when a 
small specimen is not supported adequately in the specimen holder the 
cantilevered section will exhibit macroscopically visible bending. "This 


bending occurs whether or not any accelerating potential has been applied ae = 
Using the same technique as described above, the authors were unablf* 

to find any evidence of stacking faults or twins in annealed commercial | 

purity irons or in iron that had not been zone melted. ' 
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These observations show that under certain conditions, twins and 
stacking faults can be formed in thin foils of zone-melted iron. Itremains 
to be seen whether or not the necessary stress conditions for stacking- 
fault formation exist in bulk specimens. 
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Anisotropic Crack Growth in Compressed LiF 
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Wilmington, Delaware 


[Received 12 July 1963, and in revised form 9 September 1963] 


.THz relationship between crack growth and plastic deformation in ionic 
erystals has been elucidated recently by Stokes and Li (1962) and by 
Tattersall and Clarke (1962) who have demonstrated the anisotropic 
nature of crack growth from subcritical to critical Griffith size. Stokes 
and Li (1962) studied the extension of subcritical cracks in NaCl under 
tension and proved that surface microcracks extend anisotropically into 
the crystal, the direction of crack growth lying parallel to the zone axis 
of the active, orthogonal slip bands. They attributed the anisotropic j 
growth pattern of the microcracks to the influence of slip bands, which 
resist crack propagation across the slip band, but aid propagation parallel Pa 
to the band. $ 

Tattersall and Clarke (1962) in an investigation of subcritical crack 
growth in MgO showed that fracture initiated from a tongue-shaped 
region of anisotropic crack growth. They presented a dislocation mecha- 
nism of crack growth that adequately explains the growth of these tongue- 
shaped cracks from nuclei many times smaller than the critical Griffith 
size. 

The present paper is concerned with microcrack growth in samples of 
compressed LiF. The work described demonstrates that LiF also exhibits 
anisotropic crack growth, the direction of which is explained by the 
mechanism proposed by Clarke et al. (1962). 

Optically clear lithium fluoride crystals, obtained from the Harshaw 
Chemical Company, were cleaved into samples approximately 
3x3x10mm. Specimens, annealed at 650°c for 24 hours and slowly 
cooled to room temperature, had a compressive yield stress of approxi- 
mately 600 g/mm?. They showed no birefringence under crossed polaroids 
and were considered free of residual stress. Without further preparation, 
the specimens were compressed at a rate of 2x 105 per second parallel 
to the long dimension, which defines the [001] direction of the specimen. x 
During fracture, anisotropic crack growth was observed with the unaided — 
eye and, after fracture, with the optical microscope using transmitted and 
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reflected light. The applied compressive stress tended to stabilize the 
cracks, which could be studied in all stages of their formation. 

It was confirmed, by use of birefringence and dimensional-change 
measurements, that only two orthogonal (011) slip systems are active 
during compression, giving the sample a bulged appearance, Phillips 
(1961). A second orthogonal (101) slip system remains inactive during 
deformation, even though slip is equally probable on this system. 

Cracks grew anisotropically from the (100) surface and slowly extended 
into the crystal in a [100] directiont on (010) and (011) planes. The 
cracks formed early in the fracture process, before the first jog occurred 
on the load-extension curvet and were randomly located on the (100) 
surface away from the compressive platens. These cracks are believed 
to have initiated from surface flaws, which are usually observed near the 
cracks and which are probably introduced during cleavage or handling, 
Stokes ef al. (1960). The surface flaws probably contain microcracks 
which gradually grow to macroscopic size under the influence of stress 
fields arising during plastic deformation. In fig. 1, the surface flaw from 
which the crack initiated is visible to the right of the crack. The bire- 
fringence and etch-pit patterns reflect the complex nature of plastic 
deformation in the vicinity of the crack. The crack grew on (010) and (011) 
surfaces, and the (011) portion of the crack was always parallel to the 
birefringence bands. The crack was tongue-shaped, fig. 2, growth having 
oceurred primarily in the [100] direction. Steps on the crack surface, 
resulting from alteration of the crack between (011) and (010) planes, 

- extended to the crack tip. 
The nature of plastic deformation along the crack 


* 


edge was determined 


RY WSS supp Oo 0 aoe ee 
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by examining the crack boundary under transmitted polarized light. 
‘BY = Viewing the sample in a [100] direction, one observed birefringence bands, 
[er typical of plastic deformation, initiating from the crack edge and lying 
m on (011) planes, fig. 3. Analysis of the birefr: it me 
| | a I , fig nalysis of the birefringence bands with a sensitive 


tint plate established th 
tensile and was aligne 
direction. These band 
tip of a slowly propa 


at the residual stress causing the birefringence was 
d parallel to the birefringence band in a (011) 
s are similar to those previously observed at the 
gating cleavage crack, Wiederhorn (1963). The 
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The [100] direction is defi i i 
015 ip ES 1s defined by the zone axis of the active orthogonal 
I Here the author disagrees with Phillip. 
macroscopic fracture in compressed LiF cor 
ee cura mi difference in experir 
by the fact that Phillips used a hi her strai = - : 
Under the influence of this higher erain ae ako rs v ud 


^ with the first jog in the load—extension curve. The 
a jog in the load-extension curve when the crack co 
the crystal. 
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Intersection of crack with (100) surface. (A) Gilman and Johnston etch A. w jà 
(B) Transmitted light, polaroids crossed 75°. The surface flaw from which a 
the crack initiated is to the right of the crack, [100] direction of 
observation. 
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1 : y 3 : 
| Shape of the crack tip, [010] direction of observation. This is not the same 
| crack shown in fig. 1. 
| 
| 
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birefringence is probably due to plastic deformation initiating from the 
crack edge, indicating that the crack edge has been blunted by plastic 
relaxation, Friedel (1959). 


Fig. 3 


Birefringence pattern along the crack edge, [110] directior 


Y 1 of observati 
This is the same crack as in fig. 2. ipcuon. 


The crack was also examined in the [0 irecti 
polarized light. Although one ET bd Pe à a 
in. these directions, the sharp birefringence bands char a 
deformation are not present. Birefringence is absent 
indicating that plastic deformation has not occurred o 
slip systems. Since the crack tip has not been 
deformation, it remains sharp during fracture. 


ngence 
acteristic of plastic 
from the crack tip, 
n the (110) or (101) 
n blunted by plastic 
This observation plays an 
growth. 

was probably not the applied 
o stabilize crack growth, but 


The immediate cause of crack growth 
compressive stress, which would tend t 
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rather stress fields arising from dislocation arrays. Of the several 
mechanisms of crack growth suggested previously—Orowan (1934, 1959), 
Cottrell (1960), Clarke et al. (1962)—the one advanced by Clarke et al. 
appears to satisfactorily explain our experimental results. According 
to Clarke et al., plastic deformation originates on orthogonal (011) planes 
from the edge of a microcrack that was previously introduced into the 
sample either during the cleavage operation or during handling. As 
deformation spreads from the initial planes of slip by the double-cross-glide 
mechanism (Johnston and Gilman 1960), stresses are focused along the 
perimeter of the crack, causing crack propagation. Crack growth is 
anisotropic because the edge of the crack has been blunted by plastic 
deformation while the tip has not. Since cracks with sharp edges 
propagate at lower stresses than ones with dull edges (Griffith 1920), crack 
e propagation occurs primarily from the crack tip. 
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Crack Nucleation in Magnesium Oxide Bi-crystals 
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[Received 19 July 1963, and in revised form 27 September 1963] 


THE problem of nucleation of cracks as a result of a pile-up of dislocations 
against an obstacle has been studied extensively (Zener 1948, Koehler 1952, 
Stroh 1954, Deruyettere and Greenough 1955-56) and, in general, three 

.different predictions have been made regarding the position of the crack 
that may result from blocked dislocations. The three different positions 
of the crack formed, i.e. (i) by coalescence of the leading dislocations in the 
pile-up, (ii) ahead of the blocked dislocations, and (iii) along the slip planes 
of the blocked dislocations, are shown in fig. Lat (a), (b) and (c) respec- 
tively. 

Stokes ef al. (1959) have reported crack nucleation in magnesium oxide 
single crystals as a result of coalescence of the leading dislocations in a 
pile-up. According to them, the nucleation of micro-cracks takes place 
at the intersection of slip bands. The dislocations moving along the edge 
of a certain narrow slip band pile up against the barrier provided by a 
‘wider’ slip band and coalesce to form a Stroh crack nucleus lying in the 
slip plane of the wider slip band. 

It is now very well established that grain boundaries generally act as 
barriers to the movement of dislocations and under suitable conditions the 
pile-up of dislocations results in crack nucleation. Johnston et al. (1962) 
have reported crack nucleation in magnesium oxide bi-crystals of medium 
misorientation ahead of a group of blocked dislocations. The cracks were 
formed at points where slip bands formed by edge dislocations met the 
grain boundary. The tensile stress concentration beneath the blocked 
slip band nucleated a crack in the adjacent grain. 

The object of this communication is to report the observation of, and 
propose a mechanism for, the initiation of the third type of crack, namely 
that which is nucleated along the slip planes as a result of pile-up of disloca- 
tions against a grain boundary. This type of crack nucleation was observed 
when magnesium oxide bi-crystals of medium misorientation (~ 10°) 
were tested under three point bending. Figure 2 shows the cracks formed 
at the grain boundary. 

Bullough (1955-56), considering the bubble model analogy, suggested 
that a crack could be initiated in the above manner, as in a bubble model 
cohesion appears to be less across a plane containing dislocations. Gilman 
(1958) observed cracks in the slip planes at the grain boundaries of zinc 
bi-crystals due to pile-up of dislocations and he concluded that this type of 
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mechanism of crack initiation is very likely for other crystals which like 
\ zine have the primary slip and cleavage planes the same. Also, it may 
\be possible for other types of crystals. 
` The criterion for the formation of this type of crack in a group of blocked 
dislocations may be considered as the opening up of the gap between the 
first two dislocations in the queue. A crack is formed when the elastic 
Strain energy of the dislocations equals the surface energy of a crack of 
length equal to the distance between the first two dislocations. 


Fig. 1 


(5) (€) 
O — Obstacle 
€ — Crack 


ee liffi ent positions of a crack formed as a result of a pile-up of dislocations 
against an obstacle. (a) By coalescence of the leading dislocations in 


a pile-up, (b) ahead of the blocked dislocations and ip ^ 
planes of the blocked dislocations, ee site ue 


‘Fig. 2 
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The above expression has been derived considering the equation of 
Eshelby et al. (1951) for the distance (£o) between the first two dislocations 
in a pile-up as: : 
1-84G?b? 
w= S 3ToXER (2) 
: 2n?Logs K 
and the elastic strain energy (B) for an edge dislocation derived by Cottrell 
(1953) taking into account the value for loge (ri/r) 2:16 as: 


= EE = 


where os=resolved shear stress, G@=shear modulus, y=surface energy, 
b= Burgers vector, L=length of slip plane occupied by dislocations and 
K — (1— v), v being Poisson's ratio. 

. The shear stress calculated from eqn. (1) taking y= 2330 ergs/cm? 
(Gilman 1959) and L—12:5x10-*em is 4-9 x l0?g/em? and compares 
favourably with the actual resolved shear stress of 6-1 x 105 g/cm? applied 
to the specimen for which the observations are reported above. È 
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An Attempt to Observe the Basal Plane Anisotropy of Hematite 
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University of Cambridgeft 
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TuE weak ferromagnetism of hematite is confined to the basal plane 
&t room temperature. On the basis of thermomagnetic observations by 
Pauthenet, Néel (1953) concluded that the antiferromagnetic spin align- 
ment had complete freedom of orientation within this plane, from which 
it must be concluded that hematite is magnetically isotropic within the 
plane. However, in order to explain the fact that hematite can have a 
very stable remanence, Wohlfarth (1955) assumed a basal plane aniso- 
tropy of triaxial (sin 30) symmetry. Dzyaloshinski (1958), whose ex- 
planation of the weak ferromagnetism of hematite in terms of slightly 
canted anti-ferromagnetic spins is now generally accepted, required a 
hexagonal anisotropy, with a possible smaller triaxial term. Either would 
explain the magnetic hardness of hematite. 

Kumagai et al. (1955) reported a hexagonal symmetry in ferromagnetic 
resonance experiments. ‘Tasaki et al. (1962) reported a high field torque 
meter experiment in which no hexagonal anisotropy appeared, although 
a uniaxial anisotropy was observed at 18 500 oersteds. An experimental 
clarification of this problem is necessary to an understanding of the mag- 
netic properties of hematite (Stacey 1963). 


Table showing the magnitudes and phases of the analysed Fourier 
components. Torque amplitudes are given in dyne-em/em? and 
the phase is relative to the sin 20 term. 


: à sin 40 term sin 60 term "ü 
Specimen sin 20 term 


No. (ampl.) 


283.2 

417-7 : . : ; i E 

469-8 220: ; 208: 99. d 

460-9 205- j 99. = 
ə 


t Now at the Solid State Physics Division, Mullard Research Laboratories, 
Redhill, Surrey. 
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has been measured for four natural hema- 


The basal plane anisotropy 
: d torquemeter method 


tite crystals from Naples, using the high fiel 
(Bozorth 1951) with a field of 11 700 oersteds. The torque curves were 
analysed into the Fourier components given in the table. No sin 30 term 
was ‘apparent in any of the four torque curves. The sin 60 terms are 
smaller than the sin 20 terms in àll cases, so that it must be concluded 
that hexagonal anisotropy, if it exists at all, is not the predominant factor 
in determining the coercivity of hematite. 

It seems reasonable to assume that the observed anisotropy is due to 
crystalline defects, each of which causes a region of strain and consequent 
contribution to anisotropy. Urquhart and Goldman (1956) found that 
hematite had a saturation magnetostriction (As) of the order 9 x 10-5, 
which is out of proportion to its slight spontaneous magnetization and 
therefore implies an extreme sensitivity of magnetie properties to stress. 
In order to explain the anisotropy K in terms of magnetostrictive strain 
energy (Asc) we require 


Aso  K, 


in which ease the mean oriented strain (c) must be of the order 50 kg/em?. 
An externally applied stress of this magnitude must therefore be expected 
to produce a first order change in coercive force. 
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THE predominant characteristic of the defect structure revealed by 
transmission electron mieroscopy studies of metals fatigued by reversed 
stresses is the presence of an excessively large number of dislocation loops 
or debris ranging in size from a few thousand angstroms to the resolution 
limit of the technique employed (25-50 å). Singular dislocation lines 
are heavily jogged and usually possess many sharp cusps. Dislocation 
loops which are elongated generally lie along the projection of (1125 in 
f.c.c. metals and the density of cyclic stress generated loops usually 
approaches, and often exceeds, the loop density in quenched metals. 
Dislocation ‘ debris ’ has been observed in fatigued polycrystalline copper, 
nickel and gold (Segall et al. 1961), aluminum (Wilson and Forsyth 1959, 
Segall and Partridge 1959, Grosskreutz and Waldow 1963), alpha-brass 
(Segall and Finney 1963), magnesium and niobium (Segall 1963), stainless 
steel (Hirsch et al. 1959), and copper single crystals (Segall et al. 1961). 
All of these results have been obtained from initially annealed metals 
fatigued by reversed stresses at room temperature. 

The purpose of this communication is to report results on the forma- 
tion of dislocation debris in annealed 99:999% polycrystalline aluminium 
fatigued at 78°% thus demonstrating further that debris formation is 
a general consequence of reversed stress or strain-cycling (fatigue). 

Specimens were fatigued in the form of a foil 0-005 in. thick cemented 
to an aluminium substrate subjected to reverse plane-bending at 78°x. 
In this arrangement, the aluminium foil provides only a small load 
resistance compared to the substrate and experiences a nearly constant 
strain amplitude in alternating tension-compression without buckling. 
After a specified fatigue treatment, the specimens were electrolytically 
thinned in a perchloric acid bath. Thin foil fragments were examined 
in a Siemens Elmiskop I operating at 100 kv. 

For small strain amplitudes (Ae= + 0:0005 for 2 x 105 cycles), approxi- 
mately 90% of the dislocation structure is composed of elongated dis- 
location loops with densities of the order of 10% loops/em3. As shown 
in fig. 1, these loops are nearly homogeneously distributed and have their 
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^ b. Dislocation debris developed after 2x 109 Cell walls composed mostly of elongated 
' € cycles at Ace=+0-0005 and 78?x. dislocation loops. (Ae + 0-002, 
A 4 x 10 cycles, 78°K.) 
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long dimension lying along the projection of a single (112) direction. 
The fact that at low strain amplitudes nearly all of the loops lie along a 
single (112) direction is probably due to the occurrence of glide on one 
slip system only. 

„At higher strain amplitudes (Ae— + 0-002 for 4x 104 cycles), the dis- 
location debris is composed mostly of elongated dislocation loops with 
densities of the order of 1016 loops/cm?. These loops aggregate into walls 
and form a cellular arrangement with an average cell size 4 microns as 
illustrated in fig. 2. The fact that these cell walls are made up almost 
entirely of dislocation loops is readily seen at higher magnifications 
(fig. 3). By examining a specimen in thinner regions (1000-1500 4), it is 
possible to resolve many of the geometrical features of individual dis- 
location loops (fig. 4). Some of the dislocation loops seen in fig. 4 have 
arregular configurations which probably results from reactions between 
two different loops. Orientation determinations for the micrographs 
shown in figs. 2-4, indicate that the elongated dislocation loops lie along 
the projection of two different (112) directions, presumably because of 
two active glide systems. Debris aggregation into cell walls occurs only 
when loops parallel to two or more (112) directions are present. j 

The recurring observation in f.c.c. metals that the elongated disloca- 
tion loops lie along the projection of (112) indicates that these loops are 7 
formed at sessile jogs on moving screw dislocations (Segall 1963, Gilman . 
1962). A screw dislocation undergoing debrital motion leaves behind 
an edge dislocation dipole such as that shown at ‘C’ in fig. 4. The pro- 
cess of loop formation is completed by the termination of the debris train 
at the junction of the edge dipole and the parent screw dislocation. 
Possible debris termination mechanisms include cross-slip (Gilman 1962), 
climb (Fourie and Wilsdorf 1960), dislocation intersection (Louat and 
Johnson 1962), and the accumulation of equal numbers of vacancy and 


. interstitial-producing jogs (Washburn 1962). Some of the equiaxed dis- 


location loops are probably formed by point defect condensation. How- 
ever, the fraction of loops formed in this manner cannot be very great as 
other point defect condensation phenomena, such as helical dislocations, 
are rarely observed. Both the process of loop formation and the actual 
presence of the debris provide a hindrance to continued dislocation motion. 
It is apparent that the prerequisite to any general model of cyclic strain 
hardening must be the understanding of the mechanism of dipole forma- 
tion and the subsequent production of dislocation loops or debris. 

In annealed face-centred cubic metals subjected to reversed fatigue 
stresses, the cyclic strain hardening rate is rapid during the first few per 
cent of the life but then declines to a low or zero hardening rate as a 
saturation condition is attained (Wood and Segall 1957, Alden and ` 
Backofen 1961, Snowden 1963). The evidence from transmission elec- 


tron microscopy experiments definitely indicates that the initial region ex t r 


of rapid hardening is a consequence of the build-up of dislocation debris. 
On the contrary, it has been observed (Thomas 1962, Feltner 1963) that 
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non-reserved stress-cycling (e.g. repeated tensile stresses) results in the 
formation of few dislocation loops—the density of loops being approxi- 
mately 10!? loops/em? which is similar to the density of loops formed in 
unidirectional deformation (Fourie and Murphy 1962). Accordingly 
the build-up of dislocation debris during rapid hardening is a process 
unique to reversed stress-cycling. It is possible that in non-reversed 
stress-cycling, dislocation loops are continually being swept up by the 
introduction of fresh dislocations or by the movement of old dislocations 
over very large distances. Segall (1963) has shown that if a specimen 
hardened by reversed stress-cycling is given a small tensile strain, most 


` of the loops are removed. This result suggests that during reversed 
i stress-cycling fatigue, fresh dislocations are not being produced and 
` thus the old screw dislocations must execute special movements which 
allow them to be prolific generators of dislocation loops. c 
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REVIEWS OF BOOKS 


Methods of Experimental Physics. Vol. 5. Nuclear Physics, Part B. Edited A 


eby L. C. L. Yuan and C. S. Wu. (New York: Academic Press, 1963.) 
[Pp. xvii+886.] Price £8 0s. 6d. 


Tars is the second of two volumes reviewing the techniques of present-day 
nuclear physics. Both the high and low energy fields are covered. The 
opening sections deal with the determination of particle properties, such as 
mass, spin, parity, lifetime, cross sections, and polarizations. Then there are Ws 
reviews of accelerators and beam transport systems, and finally one on statistics ae 
as applied in nuclear physics. 

These reviews are consistently well written, and pitched at just the right level 
to be interesting to the novice and instructive to the experienced research 
avorker. In general no knowledge beyond Maxwell’s equations or elementary E. 
quantum mechanics is assumed. There is ample detail to reward close study, ae aro 
and extensive references to the literature for those who wish to use it as a 2 3 
Source-book. The editors and authors are to be complimented on having 
produced an unusually readable book. D. V. Buca 


, (he Concept of the Positron. By N. R. HassoN. (Cambridge University Press, 


1963.) [Pp. ix+236.] Price £1 12s. 6d. 3 ue 
Ir it is the job of a philosopher to stimulate thought, then this is a good book; =" 
if his job is to clarify matters, then I am not so sure. Despite its title, the book = . - — ce 
contains a wide variety of subjects and in particular a spirited discussion of the ~~ ge =" £ 
interpretation of quantum theory, with its attendant puzzles of uncertainty, F. ge 


complementarity and so on. The author takes the view that the so-called oe mad 
Copenhagen interpretation, far from being a view imposed on others by a f lds S 2. 
dictatorial clique, is no more than what is justified by the facts, and that those j : 
more specific interpretations proposed by Bohm, Feyerabend and others havea — : = 
higher speculative content. ; 
The main subject of the book is the discovery of the positron and the way in 
which the relevant concepts have gradually fallen into place, undoubtedly an 
intriguing and confused story in need of clarification. The author has made a 
: sizeable effort to ascertain the historical facts by questioning a number of 
physicists who had part in this work. His own opinion sometimes seems to lean 
towards a rather less likely, though perhaps more fascinating, interpretation of 
those facts. That makes for interesting reading but the reader must be cautious 


of what to believe. O. R. FRISCH 
/ ical Optimization Techniques. Edited by  RQicHagp BELLMAN. y 

E of. California Press and Cambridge University Press, 1963.) |- 
| : [Pp. 346.] Price £3 8s. 0d. A. 
| THE papers collected in this volume were presented at a symposium in Santa 2. 
| Monica, California, in 1960. The papers are collected into four groups. The 
i first io. concerned with optimization in the space-vehicle field. A recent. > E 
| (unclassified) publication by the Aeronautical Research Council has drawn =~ _ 

attention to the need for further work in this area, and mathematicians wishing e 


for an introduction to such problems will find one in this book. Part Twoss 
contains a group of statistical papers by Parzen, Kailath, Middleton, Hall, and 
Derman; the paper by Parzen gives an admirable account of prediction and 
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| 4 smoothing theory using reproducing-kernel Hilbert space techniques. Com- 

a binatorial linear programming theory is dealt with in Part Three (Tucker, 
í Wolfe (who discusses non-linear programming), J. B. Kruskal, Prager, and 

if Elfving). Finally Part Four is devoted to control theory (LaSalle, Kalman, 

il . Bellman); the article by Kalman includes an account of recent russian work by 
| Pontrjagin and others. : ^ 
d The book should be very valuable to research students looking for new fields 
i 


i to conquer, and to established mathematicians wishing to know what is going 
on in this rapidly developing subject. D. G. KENDALL 


j 
^ x Electrons in Metals: A Short Guide to the Fermi Surface. By J. M. Zman. 
1 EC (London: Taylor & Francis Ltd, 1963.) [Pp. 80.] Price, cloth bound 
i =r edition 20s.; linen board cut flush edition 14s. 


READERS of Philosophical Magazine book reviews will be already well acquainted 
with Dr. Ziman’s characteristic style and the value he sets on lucid exposition. 
Writers of some of the books he has reviewed may perhaps be waiting for a 
chance to murmur quis custodiet ipsos custodes, but this book will give them no 

É justification. It is composed of a series of articles written for Contemporary 
i Physics and presents a brief, non-specialist account of the type of description of 
the electronic structure of metals that forms the most useful starting point for a 
discussion of their electronic properties. The earlier sections of the book des- 
cribe the theoretical work that leads to the calculation of the band structures 
of metals and the dynamical properties of electrons in them; and itis made clear ~ 

that little of such work is very new in conception. ‘The features that are new 

are the theoretical justifications for many of the simplifying assumptions, and 
= - the direct experimental evidence that such calculations can provide for some 
metals a very good account of the electronic Structure. The later sections 

- present theoretical results for real metals and show how various experimental 
chniques have yielded different types of information on the geometry of Fermi 
eS. book will provide, for an undergraduate student of physics with 
State physics, an excellent introduction to a fascinating 

_ It may also show the physically minded metallurgist 
umg arguments about the effect of electronic structure 
of metals, the electron theory of pure metals can now 
ant of their electronic properties. As the author 
| x heoretician and experimentalist to find 
Sine ? v ere. 
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BOOK NOTICES 


The Laminar Boundary Layer Equations. By N. Corts. Oxford Mathe- 


Haec (Oxford : Olarendon Press, 1962.) [Pp. 162.] Price 
s. Od. 


Formal Structure of Electromagnetics : General Covariance and Electromagnetics. 


By E. J. Post. (Amsterdam : North-Holland Publishing Company, 1962.) 
[Pp. 204.] Price £2 0s. 0d. 


Classical Electromagnetic Theory. By Nunzio TRALLI. (New York : McGraw- : e 
Hill Book Company, 1963.) [Pp. 308.] Price £3 17s. Od. 


Understanding Physics Today. By W. H. Watson. (Cambridge University 
* Press, 1963.) [Pp. 219.] Price £1 10s. Od. Se 


Matrices and Tensors. By G. G. Hatt. The International Encyclopedia of 
` Physical Chemistry and Chemical Physics, Topic 1, Mathematical Tech- . 


Ka 
niques. Vol. 4. (Oxford: Pergamon Press, 1963.) [Pp. 106.] Price - 
£2 2s. Od. E 

Nuclear Theory Reference Book for 1957 and 1958. [Pp. 136.] i 
m, Nuclear Theory Reference Book for 1959 and 1960. [Pp. 152.] : 

Compilation of Nuclear Theory Index Cards. Prepared by the Nuclear x 
Data Group of the National Academy of Sciences, National Research Cour cil. "S me 
Published by U.S. Government Printing Office, Washington 25, D.C., 1963. ae 
Price $1.00 each. ae 

s 


Lectures on Applied Mathematics. By Francis D. MugNAGHaN. Vol I: The oy ett g 
Laplace Transformation, pp. 125. Vol. 2: The Calculus of Variations ee EA os 
pp. 95. Vol. 3: The Unitary and Rotation Groups, pp. 151. Published ` AK 
by Spartan Books, Washington and Cleaver-Hume Press, London, 1963. ~ =~ 


Price £2 65. 0d. each. Eie 
Operator Techniques in Atomic Spectroscopy. By BRraw R. Junp. (New York : 
McGraw-Hill Book Company, 1963.) [Pp. 242.] Price £3 17s. Od. 


Complex Variable Theory and Transform Calculus. Second edition. By 
N. W. McLacanan. (Cambridge University Press, 1963.) [Pp. 388.] 
Price 17s. 6d. 


Developments in Network Theory. Edited by S. R. Drarps. Pro- 
D CATH Symposium held at The College of Aeronautics, Cranfield, 


: Y 
September 1961. (Pergamon Press, 1963.) [Pp. 250.] Price £4 4s. Od. * 
. UA € 
jentific Papers of Sir Geoffrey Ingram Taylor. Vol. ITI. Aerodynamics : 
au aa of Projectiles and Explosions. Edited by G. K. 
BATCHELOR. (Cambridge University Press, 1963.) [Pp. 559.] Price 
£5 Os. Od. 
The Quantum Theory of Molecular Electronic Structure. By ROBERT G. Parr. E 


Frontiers in Chemistry Series. (New York: Benjamin, 1963.) [Pp. 510.)  « =~ 
Price $7.65 paper; $11.00 cloth. : a 
THs contains a number of lecture notes and reprints on small molecules, plain sæ < 

and undisturbed molecules and. approaches to the many-electron collaboration 


problem. 
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Elementary Particle Physics and Field Theory. 1962 Brandeis opes. Vi QE 
| By T. Furrox, G. Kani, J. D. Jackson and C. FRoxspar. (New York: 
Benjamin, 1963.) [Pp. 532.] . Price $6.55 paper; $9.90 cloth. Rc. 

THis contains the lectures given at the Brandeis University Summer Institute, 

| . 1962. 

“ Resonances in Strong Interaction Physics ” by T. Fulton. 

{ “ Topics in Quantum Electrodynamics ” by G. Källén. 

1 “ Weak Interactions " by J. D. Jackson. A i 

: “ Group Theory and Applications to Particle Physics by C. Fronsdal. 


Statistical Physics. 1962 Brandeis Lectures. Vol. 3. (New York: Benjamin, 
1963.) [Pp.252.] Price $5.45 paper; $8.80 cloth. E 
Tus contains the lectures given at the Brandeis University Summer Institute, 
1962. 
“ Selected Topics in Statistical Mechanics " by G. E. Uhlenbeck. 
“ Statistical Mechanics of Equally Likely Quantum Systems ” 
by N. Rosenzweig. 5 
E ~ Functional Integrals in Statistical Mechanics ” by A. J. F. Siegert. 
: “< Information Theory and Statistical Mechanics ” by E. T. J aynes. 
“ Approach to Equilibrium of a Many-Particle System ” by S. Fujita. 


wo Russian-English Physics Dictionary. By Invia Emn and the Consultants 
Bureau staff of physicist-translators. (London: John Wiley & Sons, 1963.) 
-[Pp. 554.] Price £5 5s. Od. 


* Proceedings of the International Conference on Crystal Lattice Defects. Sym -T 

= ," posium, Tokyo, 3-4 September 1962. [Pp. 199.] Journal of the Physical 

E <=, Society of Japan. Vol. 18, Suppl. I. 

TS. Conference, Kyoto-l, 7-12 September 1962. [Pp. 356.] Journal of the 
ame < Physical Society of Japan. Vol. 18, Suppl. II. 

$ / Conference, Kyoto-2, 7-12 September 1962. [Pp. 373.] Journal of the 

| ^ Physical Society of Japan. Vol. 18, Suppl. III. 
Published by the Physical Society of Japan, March 1963. No price given. 


4 International Series of Monographs on Nuclear Energy, Division II: Nuclear 

e Physies. (Oxford: Pergamon Press, 1963.) 

M o. td Vol.6. Isobaric Nuclei with the Mass Number A=74, 
Translated from the Russian by PRASEN. 


By B. S. DZHELEPOV. 
Jit Basu. "Translation editor, 


f 
p Reginald W. Clarke. [Pp. 58.] Price 25s. 
Vol.9. Jsobaric Nuclei with the Mass Number A —110. By B. S. DZHELEPOV 
and N. N. ZHUKOVSKI. Translated from the Russian by R. F. KELLEHER. 
j Translation editor, Reginald W. Clarke. [Pp. 90.] Price £1 155. 0d. 
l Vol. 10. Tsobaric Nuclei with the M. ass Number A =140. By B. S. DZHELEPOV 
‘ E 7 P E UE ae Me V.Kuor'wov. Translated from the Russian by 
E RASENJIT Basu. ‘Translation editor, Reginald W. p 
S ; PROS eginald W. Clarke. [Pp. 128.] 
A t Vol. 11. Isobaric Nuclei with the Mass Number A=73. B YE. P. G "E 
F ; Translated from the Russian by Prasensir Basv. aie ee 
Ap Reginald W. Clarke. [Pp. 48.] Price 25s. : 
> Orbitals in Atoms and Molecules. By Cur. Krrxaürr J : 
x Academic Press, 1962.) [Pp. 162.] Price £1 15s. 0d. ee ee 
> A . 
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